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Reproductive relationships between taxa
morphologically close to Elymus caninus (Poaceae: Triticeae)

E.V. Shabanova ®, A.V. Agafonov, O.V. Dorogina

Central Siberian Botanical Garden of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® ekobozeva87@mail.ru

Abstract. A hybridological study of biotypes of species close to Elymus caninus: E. prokudinii, E. viridiglumis, E. golo-
skokovii, as well as a number of morphologically deviant biotypes in Russia and Kazakhstan, was carried out. The
objectives were to study the levels of reproductive relationships and the degree of integration of the species E. go-
loskokovii, E. prokudinii, and E. viridiglumis into the E. caninus complex. Our estimates of the seed fertility of natural
parental biotypes were within 60-90 %. Among the combinations of crossing in F,, the highest seed setting was
found in the hybrids formed by parental pairs from close habitats, regardless of the taxonomic rank of biotypes. The
highest fertility values (55.6 and 46.1 %) were found in combinations involving E. caninus, E. viridiglumis and E. go-
loskokovii. It has been concluded that the biotypes of these species included in sexual hybridization form a single
recombination gene pool, within which slight differences in reproductive compatibility are observed. The nature of
the inheritance of the diagnostic features of lemmas “presence of trichomes” and “length of awns’, according to the
digenic and monogenic type, respectively, is shown. The high seed fertility of the created hybrids and the presence
of intermediate forms in the F, generation according to distinctive features indicate the possibility of interspecific
introgression when species grow together in natural populations. Thus, the assessment of the inheritance of dia-
gnostic characters makes it possible to classify E. goloskokovii, E. prokudinii, and E. viridiglumis as intraspecific taxa of
E. caninus s. |. Data were obtained on the morphological and reproductive properties of interspecific hybrids with
the participation of the species E. mutabilis as a possible donor in the speciation of taxa close to E. caninus. In cross
combinations of E. caninus x E. mutabilis and E. mutabilis x E. caninus, lower values of seed fertility of hybrids in the
F, and F, generations were noted compared to hybrids between the species E. caninus, E. goloskokovii, E. prokudinii
and E. viridiglumis. Nevertheless, on the basis of chorological and morphological criteria, we concluded that E. cani-
nus and E. mutabilis are independent species.

Key words: speciation; hybridization; inheritance; taxonomy; Elymus; Poaceae.

For citation: Shabanova E.V.,, Agafonov A.V., Dorogina O.V. Reproductive relationships between taxa morphologi-
cally close to Elymus caninus (Poaceae: Triticeae). Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics
and Breeding. 2024;28(1):5-14. DOI 10.18699/vjgb-24-02

PeripoayKTUBHbIE B3a/IMOOTHOIIIEHISI MEXIY
IIpeICTaBUTEISIMU TAKCOHOB, MOP(OIOrnmueckm 6JIm3KIX
K Elymus caninus (Poaceae: Triticeae)

E.B. llla6anosa ®, A.B. Aradonos, O.B. Aoporuna

LleHTpanbHbIi cbrupckmin 6otaHnuecknin cap Crbrpckoro otaeneHnsa Poccuinckor akagemmmn Hayk, HoBocnbrpck, Poccns
@ ekobozeva87@mail.ru

AHHoTayus. [MpoBefeHo rMOPUAOIOrMYeCcKoe N3yyeHme 61MOTMNOB BUAOB, 6nn3Kux K Elymus caninus: E. prokudinii,
E. viridiglumis, E. goloskokovii, a Takxe paga Mopdonornyeckn oTKIOHAILWMUXCA GUOTUMNOB C TeppuTopun Poccun
1 KasaxcrtaHa. bbina noctaBneHa 3afjaya M3yunTb YPOBHU PenpPOAYKTUBHBIX B3aVMOOTHOLWEHWI 1 CTENEHUN UHTE-
rpupoBaHHocTK BUAoB E. goloskokovii, E. prokudinii v E. viridiglumis B komnnekc E. caninus. 3HaueHUA CeMeHHOW
epTUNbHOCTY MPUPOAHBIX POANTENBCKUX OBUOTUMOB OLeHeHbl Hamu B npegenax 60-90 %. Cpean kombrHaLui
cKpewmBaHua B F; HaMBbICLIAA 3aBA3bIBAEMOCTb CEMAH BbIABMIEHA Y MMOPUAOB, 06Pa3oBaHHbIX POANTENLCKAMY
napamm u3 65IM3KNX MeCcToob/TaHUiA, HE3aBUCMO OT TaKCOHOMUYECKON NPUHAANEXHOCTM 61OTMMNOB. HamBbicwne
BENNUYNHBI GepTUNbHOCTY (55.6 1 46.1 %) OOHapy»KeHbl B KOMOMHaUKMAX ¢ ydacTem Buaos E. caninus, E. viridiglu-
mis v E. goloskokovii. CoenaH BblBO, UTO 61OTUMBI Ha3BaHHbIX BUAOB, BKOUEHHbIE B MOMIOBYIO MMOPUAN3aLIo,
06pasytoT eAnHbIN PEKOMOVHALMOHHDBIV FeHMys, BHYTPY KOTOPOro HabnioAaTca He3HaUUTeNIbHble pa3nnuma no
penpoayKTUBHON COBMECTMMOCTU. MoKa3aH XapaKkTep Hac/leAOBaHWA ANAarHOCTUYECKNX MPU3HAKOB HUKHIX LiBET-
KOBbIX YeLLyi «<HaIM4mne TPUXOM» 1 «AJIHA OCTEN» MO AUrEHHOMY U MOHOTEHHOMY TUMYy COOTBETCTBEHHO. BbicoKas
cemeHHasA $epTUIbHOCTb CO3AaHHbIX MMOPUAOB 1 HanmMuve B NokoneHun F, npomexyTouHbix Gopm no pasnunyu-
TeJSIbHbIM NPU3HAKaM CBUAETENbCTBYIOT O BO3MOXHOCTY MEXBUAOBOW MHTPOrPeccuy Mpu COBMECTHOM Npouspac-

© Shabanova E.V., Agafonov A.V,, Dorogina O.V., 2024
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Reproductive relationships between taxa morphologically
close to Elymus caninus (Poaceae)

TaHUW BUAOB B NMPUPOAHbBIX Nonynauusax. Taknum o6pa3om, oLeHKa Hacne[oBaHUA AVArHOCTUYECKUX MPU3HAKOB
noseonset Knaccupuumposatb E. goloskokovii, E. prokudinii v E. viridiglumis Kak BHyTpvBULOBble TakCoHbI E. cani-
nus s. |. MonyyeHbl faHHble 0 MOPPONOTNYECKNX U PENPOLYKTVBHbBIX CBONCTBaX MEXBUAOBbIX TMOPUAOB C yyacTmem
Buaa E. mutabilis Kak BO3MOXHOIo fJoHOpa Npuv BUA0OOPA30BaHNMN TaKCOHOB, 6nn3KKX K E. caninus. B kombuHaumuax
cKpewwmBanus E. caninus x E. mutabilis v E. mutabilis X E. caninus oTmeuyeHbl 6o51ee HU3KMe 3HaueHUs ceMeHHoM dep-
TUNBHOCTW TM6PUAOB B NokoneHusx F, 1 F, no cpaBHeHuto ¢ rubpugamm mexay Bugamu E. caninus, E. goloskokovii,
E. prokudinii v E. viridiglumis. Tem He MeHee Ha OCHOBE XOPOIOrNYeCKoro 1 MOpPdONOrNMYecKoro KpUTepnues Hamm
c/lenaH BbIBOJ, 0 BUAOBOW camocToaTenbHocTu E. caninus v E. mutabilis.

KnioueBble cnioBa: BUaoobpasoBaHue; rmbpuamnsaums; npusHak; HacnefoBaHue; TakcoHomms; Elymus; Poaceae.

Introduction

Wild cereals of the tribe Triticeae Dumort. (fam. Poaceae Barn.)
are of great interest to researchers as possible donors of valu-
able traits for the main grain crops — wheat, barley and rye.
General ideas about the potential possibilities of using wild
relatives of wheat to enrich breeding material with new he-
reditary qualities were first outlined by N.I. Vavilov (1931).
Subsequently, the concept of primary, secondary and tertiary
gene pools was introduced (Harlan, De Wet, 1971). A similar
gene pool system proposed for barley and rye (von Bothmer
et al., 1992) includes, in general, some species of perennial
grasses.

The genus Elymus L. is the largest genus of the tribe, be-
longing to the tertiary gene pool, uniting allopolyploid species
of perennial grasses with different genomic constitutions.
Facultative self-pollination, which promotes the elimination
of spontaneous mutations and the consolidation of the con-
sequences of introgressive hybridization, accelerates the pro-
cesses of morphogenesis and at the same time complicates the
systematization of natural populations. In the ongoing micro-
evolutionary differentiation of the genus, the most relevant to
study are the phylogenetic relationships between taxa.

Elymus caninus (L.) L. is a species with a StStHH genome
(Dewey, 1968) and a vast range covering all of Europe from
Iceland and the Mediterranean Sea to the Ural Mountains,
almost the entire Palearctic part of Siberia, as well as some
areas of Central Asia (Tsvelev, 1976; Hultén, Fries, 1986). In
Northern Europe, E. caninus is distributed throughout Swe-
den and Denmark, and somewhat less frequently in Norway
and Finland. In Siberia, it is found in almost all areas west
of Lake Baikal (Peshkova, 1990). Taking into account the
wide distribution of this species and its high adaptability to
environmental factors, one can initially assume a noticeable
variation in morphological characters within E. caninus.
However, E. caninus exhibits low morphological variability
compared to other Elymus species. The main reason, in our
opinion, is that a number of natural morphotypes with deviat-
ing characters have been described as independent species.
At the same time, on the one hand, in most cases no evidence
was provided for the phylogenetic isolation of new species,
and on the other hand, these species were not considered as a
component of E. caninus, since they went beyond the limits
of its narrow variability. In Russia and Kazakhstan, these
species include E. viridiglumis (Nevski) Czer., E. prokudinii
(Seredin) Tzvelev (Tsvelev, Probatova, 2019) and E. golosko-
kovii Kotuch. (Kotukhov, 2004).

The species E. goloskokovii was described from Western
Altai (Ivanovsky Range), indicating its wide distribution
within the southwestern part of these mountains (Kotukhov,

2004). The protologue notes that E. goloskokovii is a stable
fertile hybridogenic species, probably derived from the hyb-
ridization of E. fibrosus (Schrenk) Tzvelev and E. trachycaulis
(Link) Gould et Shinners, with the possible participation of
E. mutabilis (Drob.) Tzvelev. At the same time, the species
E. goloskokovii differs from the widespread E. caninus mainly
in the character of short (up to 4 mm) awns of lemmas.

Elymus viridiglumis was described from the Southern Urals
in 1934 based on the collections of S.A. Nevsky as Roegneria
viridiglumis Nevski. The species is distributed in the Urals and
Western Siberia; it differs morphologically from E. caninus
in having hairy or scabrous lemmas. Small populations have
also been found in Eastern Kazakhstan.

Elymus prokudinii is an endemic of the subalpine meadows
of the forest belt of the Central and Eastern Caucasus, de-
scribed in 1965 as Roegneria prokudinii Seredin (Seredin,
1965) based on the collections of R.A. Elenevsky. The species
is morphologically similar to E. viridiglumis, and differs from
it only in its narrow endemic geographic range.

To date, much information has been accumulated indicating
that the single recombination gene pool of E. caninus, as a
species, is formed not only by typical individuals, but also by
a large number of morphologically deviant biotypes (MDBs)
that do not correspond to the diagnosis of the species (Gerus,
Agafonov, 2006; Agafonov, 2011). In particular, we have
obtained evidence that introgressive relationships between
E. caninus and E. mutabilis lead to a diversity of transitional
interspecific forms (Agafonov, 2013). Since that time, a num-
ber of questions remain and new problems have arisen from
the perspective of reproductive biology and taxonomy of this
vast complex.

One of the most important criteria for the relatedness of
living organisms is the ability to produce viable offspring
during crossing, which is due to the balanced recombination
of genetic material during generations. The study of intra- and
interspecific crossbreeding of biotypes makes it possible to
model the processes of hybridization and introgression oc-
curring within the genus Elymus. The results obtained from
crossing biotypes from close or distant populations make it
possible to clarify issues of intraspecific organization, outline
the genetic pool and predict the possible course of further
speciation pathways. The levels of crossbreeding of biotypes
Cs (sexual compatibility) and the fertility of the resulting
hybrids are under strict genotypic control and, accordingly,
reflect the phylogenetic relationships of the original taxa
(Agafonov et al., 2001).

In order to obtain additional data, work was carried out
to create and study F,—F, hybrids between selected biotypes
of different taxa of species rank, morphologically close to
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E. caninus s. 1. The objectives were to study the levels of re-
productive compatibility of biotypes and the degree of inte-
gration of the previously described species E. goloskokovii,
E. prokudinii and E. viridiglumis into the E. caninus complex,
as well as to supplement data on the morphological and repro-
ductive properties of interspecific hybrids E. caninus x E. mu-
tabilis.

Materials and methods

According to G.A. Peshkova (1990), the main diagnostic cha-
racteristics of E. caninus include: (1) leaf blades on top with
scattered long hairs; (2) glabrate lemmas, rarely with single
spines in the upper part; (3) lemmas with straight awns, equal
to the lemmas or longer; (4) hairy rachillas.

In addition to the typical morphotype of E. caninus GAT-
9210 and some morphologically deviating biotypes (MDB),
biotypes of the above-mentioned species were used in hybridi-
zation in eight cross-combinations.

Characteristics by which typical individuals of E. caninus
and E. mutabilis differ are as follows: long (up to 25 mm) —
short (up to 6 mm) lemma’s awns; glabrous — scabrous (hairy)
lemmas; the ratio of glume’s length and the adjacent lemma’s
length (k= Lgi/Lyom) is approximately 0.5-0.6 in E. caninus
and 0.7-0.8 in E. mutabilis. The last trait must be accompanied
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by the the presence of membranes at the edges of glumes,
which become thinner with increasing k value (the mutabi-
lis type), and conversely, membranes become wider as the
k value decreases (the caninus type). This trait is not always
clearly identified in most phenotypes due to the presence of a
spectrum of intermediate phenotypes in natural populations.
The locations of E. mutabilis accessions and species closely
related to E. caninus are given in Table 1.

Fragments of flowering spikes of some biotypes of species
close to E. caninus are shown in Figure 1. The chasmogamous
type of flowering characteristic of all taxa does not prevent
the predominant self-pollination of plants, which is supported
by the simultaneous maturation of male and female game-
tophytes, as well as the absence of genetic systems of self-
incompatibility (open (bursted) anthers are visible in Fig. 1).

In addition to the diagnostic character “length of the awns
of lemmas”, the biotypes included in the hybridization were
found to have variability in a number of secondary characters
inherent in specific taxa and geographic races: the relative
length of the glumes, pubescence of leaf blades (LB), color
of anthers, spike density, plant habit and height.

Since to study reproductive compatibility we use seeds
of wild plants collected from different points of the species’
ranges, where their morphometric characters largely depend

Table 1. Localization of E. mutabilis accessions and species close to E. caninus, and their morphological features

Taxon, Accession  Locality and Collectors

Russia, the Altai Republic, northern coast of the Teletskoye lake,
vicinity of the settl. Artybash, alt. 460 m N 51°47.674' E 87°16.446'

E. caninus
GAT-9210
(V. Makashov)

Morphological features

Lemmas glabrous;
Leaf blades hairy on upper surfaces;
Rachilla segments hairy

E. caninus MDB
AKL-0703

E. caninus MDB
SON-9904

E. caninus MDB
OSE-1427

E. caninus MDB
BAI-0401

E. viridiglumis
EK-1418

E. viridiglumis
BEL-1404

E. goloskokovii
TUV-9936

E. goloskokovii
EK-1513

E. prokudinii
TEB-1806

E. mutabilis
BAI-0402

E. mutabilis
ACH-8932
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Russia, the Altai region, vicinity of the settl. Blagoveshchenka,
alt. 98 m N 52°55.19" E 79°46.22" (N. Lashchinsky)

Russia, the Republic of Khakassia, Zapadniy Sayan range,
252 km of the Abaza-Ak-Dovurak highway,
alt. 713 m N 52°10.772" E 89°51.907’ (A. Agafonov)

Russia, the Republic of North Ossetia — Alania, vicinity of the settl. Stur-Digora,
alt. 1996 m N 42°52.898' E 43°35.959' (S. Asbaganov)

Russia, the Republic of Buryatia, vicinity of the settl. Goryachinsk,
coast of Lake Baikal, alt. 457 m N 52°58.588' E 108°16.335' (D. Gerus, A. Agafonov)

The Republic of Kazakhstan, vicinity of the settl. Berezovka,
alt. 1202 m N 50°07.623' E 83°49.210' (D. Gerus)

Russia, the Altai region, vicinity of the settl. Belokurikha,
alt. 287 m N 51°58.847' E 84°57.697' (A. Agafonov, M. Agafonova)

Russia, the Republic of Tuva, Todzhinsky district, floodplain of the Biy-Khem River,
Tos-Buluk shoal (D. Shaulo)

The Republic of Kazakhstan, vicinity of the settl. Poperechnoe,
alt. 1202 m N 50°21.128' E 83°53.527' (D. Gerus)

Russia, the Karachay-Cherkess Republic, the Teberda Nature Reserve,
alt. 2020 m N 43°26.508' E 41°42.693’ (S. Asbaganov, A. Agafonov)

Russia, the Republic of Buryatia, vicinity of the settl. Goryachinsk,
shore of Lake Baikal, alt. 457 m N 52°58.588' E 108°16.335' (D. Gerus, A. Agafonov)

Russia, the Altai Republic, Cheke-Taman pass,
alt. 1216 m N 50°38.367' E 86°18.166' (A. Agafonov)

Lemmas hairy;
Leaf blades hairless

Lemmas short and hairy;
Lemma’s awns up to 12 mm;
Leaf blades hairy on upper surfaces

Rachilla segments scabrous
due to short spinules

Lemmas scabrous;
Leaf blades hairy on upper surfaces

Lemmas short and hairy;
Leaf blades hairy on upper surfaces

Lemma’s awns up to 3 mm;
Leaf blades hairy on upper surfaces

Lemma’s awns up to 4 mm;
Leaf blades hairless

Lemmas short and hairy;
Leaf blades hairy on upper surfaces

Lemmas scabrous;
Lemma'’s awns up to 4 mm

Lemmas scabrous;
Lemma’s awns up to 2 mm
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BEL-1404 EK-1418 TUV-9936 EK-1513 ACH-8932

Fig. 1. Fragments of flowering spikes of taxa and biotypes close to E. caninus, taken for hybridization.

on environmental factors, it is necessary to exclude modifica-
tion of taxonomic characters. To do this, plants were grown
under equalized conditions at the experimental site of the
Central Siberian Botanical Garden SB RAS, and only after
that their taxonomic affiliation was determined. When select-
ing parental individuals, forms with different characteristics
were selected — plants with glabrous lemmas were crossed
with plants that had trichomes on lemmas, plants with short
awns of lemmas were crossed with plants with long awns, etc.

The procedures for creating sexual hybrids were carried
out using an express method (Lu et al., 1990), which involves
preliminary preparation of the ear and manual pollination of
each pistil. One of the advantages of this technique is the
stimulation of the natural opening of flowers and the simulta-
neous removal of anthers that have not yet burst. Pollination
of each of the several opened emasculated flowers is carried
out by the newly burst anther of the father plant, which mini-
mizes the risk of its own or foreign pollen. The use of this
technique, with sufficient development, gives more reliable
results, since it does not require preliminary emasculation
of delicate immature flowers and leads to an increase in the
efficiency of hybridization.

Hybridity of F; plants was confirmed by the presence of
characteristics of the paternal plant. The assessment of seed
fertility (SF) of plants in generations F,—F, and levels of sexual

compatibility of biotypes (Cs) was carried out according to the
principles we developed (Agafonov, 1994; Agafonov, Salo-
mon, 2002). The correspondence of the type of inheritance of
morphological characters (presence of trichomes on lemmas
and length of lemma’s awns) to Mendel’s laws (monogenic
and digenic) in F, plants was checked using the Pearson cri-
terion (y2) (Pearson, 1900).

The segregation of the awn length trait in F, plants was
analyzed based on the maximum value of awn length among
the spikes of each individual.

Results

Crosses were carried out between species close to E. caninus
in six combinations: E. caninus X E. prokudinii (2 combina-
tions), E. caninus x E. viridiglumis, E. goloskokoviiX E. ca-
ninus, E. caninus X E. goloskokovii, E. goloskokovii x E. viri-
diglumis; there were also two cross combinations between
the biotypes E. caninus and E. mutabilis. From 1 to 3 hybrid
grains were obtained in each combination. The results are
presented in Table 2.

The inheritance of morphological characters was assessed in
small samples of the F, generation. Although the sample sizes
were not large, they made it possible to assess the degree of
discreteness of the trait in phenotypic classes and the nature
of their inheritance (Tables 3, 4).

Table 2. Maximum values of seed fertility in F, and F, hybrids (%) and levels of sexual compatibility (Cs)
of biotypes among taxa close to E. caninus and in cross combinations of E. caninus x E. mutabilis

No. Cross combination Ng,
1 caninus MDB AKL-0703 X prokudinii TEB-1806 2
2 goloskokoviiEK-1513 xviridiglumisEK-A418 1
3 goloskokoviiEK-1513 X caninus MOB SON-9904 3
4 caninus MDB SON-9904 x goloskokovi TUV-9936 2
5 caninus MDB OSE-1427 x prokudini TEB-1806 1
6 caninusMDBOSE-1427 x viridiglumis BEL-1404 2
7 caninusGAT9210x mutabils ACH-8932 1
8 mutabilsBA-0402 X caninusBAOAOT 1

Note. Ng; and N, are the number of analyzed plants in F; and F,, respectively.

F, (max) Ne, F, (max) Level of Cs
..................... 2441888801
..................... 4611577101
..................... 296125913(11
..................... 55682636(11
..................... 3971679401
..................... 10/7*679002
..................... 661354602
..................... 3214286a2

*The fraction shows the ratio of the number of completed seeds to the number of spikes from two F; plants.
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Table 3. Results of trait segregation in F, in small samples

Crossing combination Trait Trait expression Number of plants ~ Total plantsin F,

goloskokovii EK-1513 x viridiglumis EK-1418 Trichomes on lemmas

Lemma’s awn length

Length of lemma’s awns 1-4 mm 7
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Table 4. Analysis of trait segregation in the F, generation in the two largest samples

Cross combination Trait Trait expression p* q* ¥ P
goloskokovii EK-1513 x Trichomes on lemmas Glabrous 8 7.8125 x2=0.0048
caninus SON-9904 T B A A B
Scabrous, densely scabrous, 117 117.1875 (0.95>P>0.90)
Total 125 plants F, and short and hairy
Length of lemma’s awns 1-4 mm 34 31.25 ¥2=28.856
..
B (AR o2 (001>P>0025)
10-12 mm 17 31.25
caninus SON-9904 x Trichomes on lemmas Glabrous 7 5.125 x2=0.732
goloskokovii TUV-9936 105
Scabrous, densely scabrous, 75 76.875 (0.90>P>0.10)
Total 82 plants F, and short and hairy
Length of lemma’s awns 1-3mm 17 20.5 x2=3.15
s,
B SR N (090>P>0.10)
10-12 mm 16 20.5

* p — actual number of individuals; * q — expected number of individuals.

Pearson’s test %2 was applied and the level of significance
P was assessed for F, samples in two cross combinations:
E. goloskokovii x E. caninus and E. caninus % E. goloskokovii
(see Table 4).

Discussion

The results of the study showed that the biotypes included
in the hybridization, which are close in morphology to the
base species E. caninus (see Table 2, No. 1-6), form a single
recombination gene pool, within which minor differences in
reproductive compatibility are observed. Noteworthy is the
relatively small but clear decrease in SF values in F; hybrids
compared to mother plants. This means that all MDBs taken
for hybridization belong to the extensive gene pool of E. cani-
nus, but have gone through a certain microevolutionary path
in the direction of divergence.

We estimated the SF values of natural biotypes to be within
60-90 %. The maximum values of SF of F; plants among
species close to E. caninus (see Table 2, No. 1-5) were in the
range of 24.4-55.6 %, except for the crossing combination of
E. caninus x E. viridiglumis (No. 6), where SF was very low;
for this reason, the maximum value of SF could not be given.
In this combination, out of seven spikes (the total number of
spikes in two F; plants), only 10 seeds were fertile, of which
only six were able to grow to the generative stage and produce
offspring in F,. In cross combinations between the species
E. caninus and E. mutabilis (see Table 2, No. 7, 8), where
one F; plant was obtained, the maximum SF value was in the
range of 3.2-6.6 %.

The highest SF values in F; were found in hybrid plants
formed by parental pairs from geographically close habitats
(see Table 2): combination 4 from the border territory of the
Republic of Khakassia and the Republic of Tuva (E. caninus
SON-9904 x E. goloskokovii TUV-9936) — 55.6 %, and com-
bination 2 from North-Eastern Kazakhstan (E. goloskokovii
EK-1513 x E. viridiglumis EK-1418) —46.1 %. Combination 5

from the North Caucasus (E. caninus OSE-1427 x E. proku-
dinii TEB-1806) was also characterized by a relatively high
SF —39.7 %. This fact also confirms our assumption about the
joint microevolutionary path of different taxa within a specific
territory (Agafonov, 2011). Moreover, two interspecific com-
binations (7 and 8), formed by E. caninus and E. mutabilis,
showed significantly lower (6.6 and 3.2 %) SF values in
the F; generation than other combinations (1-5). As for the
hybridization variant E. caninus OSE-1427 x E. viridiglumis
BEL-1404 (6), low SF values in the F; hybrid can be explained
by the significant geographic isolation of the original parental
biotypes.

Generally, the values of seed fertility in F, represent a
range of variability within certain limits, determined, among
other things, by the degree of phylogenetic proximity of the
parental biotypes. In all crossing combinations, an increase in
SF values in F, was observed (see Table 2), which is associated
with the normalization of genetic recombination according to
the RGP principle. The levels of sexual compatibility of bio-
types in almost all crossing variants (except for two involving
E. mutabilis and variant 6) correspond to free genetic recom-
bination (a). The possibility of interbreeding and restoration
of seed productivity over several generations indicates the
presence of a homologous part of the genome in the parental
forms. Such hybridization can be considered as natural seed
propagation of two different forms of the same species.

Based on the presented results of hybridization, it was
concluded that the nature of inheritance of traits during the
segregation of hybrids in F, in self-pollinating taxa depends
on the parental genotypes, which can differ in a different
number of loci and alleles (one or more), forming the general
gene pool of the taxon. In these crossing combinations, the
nature of inheritance of the trait “presence of trichomes on
lemmas” was determined to be digenic, while the inheritance
of'the trait “awn length” was determined to be monogenic with
incomplete dominance.
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The distribution of phenotypes according to the trait “pre-
sence of trichomes on lemmas” by class allowed us to assume
a segregation of 1:15, which corresponds to digenic inheri-
tance. The level of significance test (P) was low in some cases,
which may be explained by the insufficient number of F, plants
forming the sample. However, based on the segregation of
phenotypes, one can roughly assume the type of inheritance
of diagnostic traits.

Previously, we conducted expeditionary collections of spe-
cies close to E. caninus in the Republics of Altai and Tuva,
the Caucasus, and Eastern Kazakhstan. The samples were
studied experimentally. Let us give a brief overview of the
most significant results for this article. Since small populations
of E. viridiglumis were found to occur in Eastern Kazakhstan,
we hypothesized possible routes for the formation of the spe-
cies in this territory (Agafonov, 2013). One cannot but agree
with the comment that according to spike characteristics,
some biotypes of E. viridiglumis are similar to E. komarovii
(Tsvelev, Probatova, 2019); however, the genetic distance of
these two species was experimentally shown (Agafonov et
al., 2017). A taxon similar to E. goloskokovii in the character
“short awns of lemmas” was described from Northern Europe
as E. caninus var. muticus (Holmb.) Karlsson. We studied
the living material of this taxon in an experiment (Gerus,
Agafonov, 2006), and it was concluded that this species has
a polyphyletic hybrid origin.

ISSR analysis using a wide range of samples of species
morphologically similar to E. caninus from different locali-
ties within Russia showed that the species E. viridiglumis,
E. prokudinii and E. goloskokovii represent groups of in-
dividuals that are also phylogenetically close to E. caninus
(Shabanova (Kobozeva) et al., 2020). The assumption was
confirmed that E. viridiglumis has a polyphyletic origin, as
a result of microevolutionary processes in populations of
E. caninus s. 1., possibly with the participation of E. mutabi-
lis. For the Caucasian endemic E. prokudinii and the Kazakh
endemic E. goloskokovii, origin is also assumed to be a result
of introgression or spontaneous mutagenesis, i.e. manifesta-
tions of natural intraspecific polymorphism of E. caninus.
The remoteness of E. fibrosus from all taxa phylogenetically
close to E. caninus cast doubt on the assumption of the origin
of E. goloskokovii from the hybridization of E. fibrosus and
E. trachycaulis, especially considering the introduced North
American origin of the latter (Agafonov, Baum, 2000). Taking
into account our early studies of species close to E. caninus
(Agafonov, 2011), it was concluded that the taxa E. viridiglu-
mis, E. prokudinii and E. goloskokovii are not phylogenetically
separate and should be transferred to the intraspecific rank of
E. caninus s. 1.

Reproductive relationships

between Elymus caninus and E. mutabilis

The typical morphotypes of E. caninus and E. mutabilis have
a special character of reproductive relationships. Previously,
we touched upon the topic of the influence of E. mutabilis on
speciation in Eastern Kazakhstan (Gerus, Agafonov, 2006),
including in comparison with data on intraspecific variability
of E. caninus (Agafonov, 2011). Some E. caninus x E. caninus
hybrids were found to have lower compatibility than E. cani-
nus * E. mutabilis hybrids.
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In this study, the parental biotypes of E. caninus and E. mu-
tabilis had typical characteristics of these species; differences
were identified only between biotypes of E. caninus in the
pubescence of the upper surfaces of leaf blades: hairy sur-
faces were noted in the parental biotype GAT-9210, scabrous
(hairless) ones were noted in the BAI-0401 biotype. Data on
SF and the segregation of morphological traits’ characters
in F, hybrid samples in two cross combinations are given in
Tables 5 and 6.

Elymus caninus GAT-9210 x E. mutabilis ACH-8932. In
the grown F, sample of 13 individuals (see Table 5), only one
absolutely sterile plant (4) was noted; the highest SF value
was 54.6 % (plant 8). This value was slightly lower than
in all combinations involving taxa close to E. caninus (see
Table 2). In addition, a wide range of SF values was noted,
which is a characteristic feature for relatively distant hybrids.
Based on a set of morphological characters, two individuals
(2 and 8) were recombinant ones (see Table 5), and cor-
responded to the diagnosis of E. viridiglumis (hairy upper
surfaces of leaf blades, scabrous lemmas and long awns up
to 18-22 mm). This fact confirms our assumption about the
polyphyletic origin of the abovementioned taxon. Moreover,
only two individuals had scabrous upper surfaces of leaf blades
(plants 7 and 13), the rest had hairy surfaces to a greater or
lesser extent (11 individuals). This fact may indicate a small
number of alleles by which the parental individuals differed,
since during segregation in F, for one discriminating allele,
there is a greater probability of obtaining 2 individuals with
recessive homozygotes per sample of 13 plants (1 out of 4)
than with two alleles (1 out of 16).

Based on the diagnostic trait of lemma’s awn length, we
identified morphotypes with six values from 3 mm (morpho-
type E. mutabilis) to 22 mm (morphotype E. caninus). The
large number of phenotypes for this trait can probably be
explained by the fact that each allele makes an additive
contribution to the formation of the awn length trait. And the
greater the difference in the length of the awns in the parental
forms, the greater the range of variability in the offspring. In
addition, the value of this quantitative characteristic is quite
difficult to fix.

Elymus mutabilis BAI-0402 X E. caninus BAI-0401. The
F, sample in this combination is represented by 14 individuals
with an average SF value of 11.0 % (see Table 6), which is the
smallest value among all studied samples. At the same time,
the maximum value of SF in F,, 28.6 %, was also the small-
est compared to other samples (see Table 2). In the sample,
six individuals with completely naked leaf blades were noted
(see Tables 3, 6). This may mean that the parental biotype
of E. mutabilis BAI-0402 was heterozygous for the allele(s)
controlling the trait. At the same time, three individuals with
glabrous lemmas (morphotype E. caninus) differed from each
other in the length of lemma’s awns (see Table 6). That is,
potentially new taxa have emerged if traditional classifica-
tion methods are followed. Despite the fact that individual 13
was completely sterile, the other two (3 and 4) had, although
reduced, quite sufficient seed fertility (9.4 and 7.0 %) for
their own reproduction and consolidation in the next gene-
rations.

In a small part of the overlapping areas of E. caninus and
E. mutabilis within the mountainous regions of the Republic
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Table 5. Main morphological characteristics and seed fertility (SF) in the F, sample

of the E. caninus GAT-9210 x E. mutabilis ACH-8932 hybrid

No. Upper surfaces of leaf blades k= Lg /L om Trichomes on lemmas Length of lemma’s awns, mm  SF, %
1 ............. Ha,ry ............................................. 07_08 ...................... Denselyscabrous .................... 4 ..................................................... 34 .........................

2 ............ Ha,ry ............................................. 06_07 ...................... Scabrous ................................ 22 ................................................... 375 .........................

3 ............ Ha,ry ............................................. 06_07 ...................... Scabrous .................................. 4 ..................................................... 55 .........................

4 ............ Ha,ry ............................................. 06_07 ...................... Denselyscabr OUS .................... 6 ..................................................... 0 ............................

5 ............ Ha,ry ............................................. 07_08 ...................... Den5e|yscabrous .................... 4 ................................................... 397 .........................

6 ............ Ha,ry ............................................. 08_09 ...................... Densewscabrousu ..................................................... 48 .........................

7 ............ 5cabrous ...................................... 06_07 ...................... G|abrous .................................. 3107 .........................

8 ............ Ha,ry ............................................. 06_07 ...................... Densewscabr ous .................. 22 ................................................... 546 .........................

9 ............ Ha,ry ............................................. 05_06 ...................... Denselyscabrous .................... 3 ..................................................... 36 .........................

10 ............ Ha,ry ............................................. 06_07 ...................... Dense|yscabrous1212/5* ......................

11 ............. Ha,ry ............................................. 07_08 ...................... Denselyscabrous .................... 4142 .........................

12 ............ Ha,ry ............................................. 06_07 ...................... Scabrousw ..................................................... 32 .........................

13 ............ Scabrous ...................................... 06_07 ...................... Glabrous .................................. 3 ................................................... 338 .........................
SFaverageva|ue%162 .........................
*The fraction shows the ratio of the number of completed seeds to the number of spikes from two Fy plants.
Table 6. Main morphological characteristics and seed fertility (SF) in the F, sample
of the E. mutabilis BAI-0402 X E. caninus BAI-0401 hybrid

No. Upper surfaces of leaf blades  k=Lg/Liem Trichomes on lemmas Length of lemma’s awns, mm  SF, %

of Khakassia (Krasnoyarsk Territory), we found biotypes with
extreme and all intermediate values of the trait “lemma’s awn
length” (Fig. 2). This phenomenon can only be explained by
acts of mutual introgression between the two species, as well
as multiple allelism of the genes that control this trait. The

existence of the introgression mechanism is confirmed by the
SF values in interspecific hybrids (see Tables 5, 6).

The hybrids we created in E. caninus x E. mutabilis combi-
nations had reduced seed fertility at the level of a,. This level
of SF certainly reduces the competitive ability in natural con-
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‘ Lo
4 5 6 7 cm

Fig. 2. Fragments of spikes in natural populations from Khakassia. Variation in the lemma’s awns length in mixed populations

of E. mutabilis and E. caninus.

1 - typical E. mutabilis; 7 - typical E. caninus; 2-6 — intermediate morphotypes.

ditions, but the probability of the formation of descendants and
their consolidation in populations is quite high. In general, the
increase in SF in E. caninus x E. mutabilis hybrids to a normal
level already in the F, generation confirms the possibility of
a fairly easy exchange of genetic material between species.
This means that some spontaneous hybrids in natural condi-
tions have a chance to survive in subsequent generations,
while increasing the overall population biodiversity, as has
been shown previously (Sun et al., 1999).

Conclusion

Thus, based on the indicators of interbreeding and character
segregation among taxa close to the widespread species
E. caninus, an integral assessment of the relationships between
biotypes was obtained. From the results of the study, the
feasibility of a taxonomic revision logically follows. In our
opinion, the taxa currently recognized as independent species
E. prokudinii, E. viridiglumis and E. goloskokovii due to their
polyphyletic origin must be transferred to the intraspecific
rank within the polymorphic species Elymus caninus s. 1. The
main confirmation of the phylogenetic unity of these taxa is
the high values of SF already in the first generation of hybrids
and free recombination of diagnostic characters (reproductive
compatibility) at the a; level.

Based on the results of chorological analysis and hybridiza-
tion of selected biotypes of Elymus mutabilis and E. caninus,
it was concluded that E. mutabilis is an independent species
with the widest range in the Northern Hemisphere and with
high intraspecific variability in many characters.
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The regulatory effects of (p)ppGpp and indole on cAMP synthesis
in Escherichia coli cells
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Abstract. Bacterial stress adaptive response is formed due to changes in the cell gene expression profile in response
to alterations in environmental conditions through the functioning of regulatory networks. The mutual influence
of network signaling molecules represented by cells’ natural metabolites, including indole and second messen-
gers (p)ppGpp and cAMP, is hitherto not well understood, being the aim of this study. E. coli parent strain BW25141
((p)ppGpp*) and deletion knockout BW25141ArelAAspoT which is unable to synthesize (p)ppGpp ((p)ppGpp°) were
cultivated in M9 medium supplemented with different glucose concentrations (5.6 and 22.2 mM) in the presence of
tryptophan as a substrate for indole synthesis and in its absence. The glucose content was determined with the glu-
cose oxidase method; the indole content, by means of HPLC; and the cAMP concentration, by ELISA. The onset of an
increase in initially low intracellular cAMP content coincided with the depletion of glucose in the medium. Maximum
cAMP accumulation in the cells was proportional to the concentration of initially added glucose. At the same time, the
(p)ppGpp° mutant showed a decrease in maximum cAMP levels compared to the (p)ppGpp* parent, which was the
most pronounced in the medium with 22.2 mM glucose. So, (p)ppGpp was able to positively regulate cAMP formation.
The promoter of the tryptophanase operon responsible for indole biosynthesis is known to be under the positive con-
trol of catabolic repression. Therefore, in the cells of the (p)ppGppt strain grown in the tryptophan-free medium that
were characterized by a low rate of spontaneous indole formation, its synthesis significantly increased in response to
the rising cCAMP level just after glucose depletion. However, this was not observed in the (p)ppGpp® mutant cells with
reduced cAMP accumulation. When tryptophan was added to the medium, both of these strains demonstrated high
indole production, which was accompanied by a decrease in cCAMP accumulation compared to the tryptophan-free
control. Thus, under glucose depletion, (p)ppGpp can positively regulate the accumulation of both cAMP and indole,
while the latter, in its turn, has a negative effect on cCAMP formation.

Key words: Escherichia coli; signaling molecules; cAMP; (p)ppGpp; indole; glucose; tryptophan.
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PerynsaTopHblie 3 deKThl (p)ppGpp 1 MHO0IA HA CUHTE3 HAM®
B KieTKax Escherichia coli

H.M. Kamreraposa @, E.A. Xaopa, A.T. TkaueHKo

VIHCTUTYT 5KONOMAN 11 FeHEeTUKI MUKPOOPraHN3MOB YParibCKoro oTaeneHns Poccuiickoii akademum Hayk —
dunman Mepmckoro deaepanbHOro MCCNeA0BaTeNbCKOMO LieHTPa YpanbCKoro oTaeneHnsa POCCUitcKoil akaemum Hayk, MepMb, Poccust
® nkashev@mail.ru

AHHOTaLuA. AJanTUBHbIA OTBET HaKTepUii Ha CTPeCcCOpHOe BO3AENCTBME YCIOBUIA cpefbl GopMUpyeTCa 3a cUeT Us-
MEHEHNA reHHO-IKCMPECCMOHHOIo NPOodUNA KNeTKn NocpeAacTBoM GpyHKLMOHMPOBaAHNA PerynaTtopHbix cetei. Cur-
HanaMu B HUX BbICTYMAIOT eCTEeCTBEHHbIE MeTaboNMTbI KNETKM, B YaCTHOCTU MHAOJ, @ TaKXKe BTOPUYHbIE MEeCCEHXe-
pbl (P)ppGpp 1 LAMO®, B3aMMHOE BIUAHME KOTOPbIX HEAOCTAaTOYHO U3YYEHO U NpPefcTaBiAeT coboi Lenb AaHHOro
nccnenoBaHua. Poagutenbckuid wtamm E. coli BW25141 ((p)ppGpp™*) v HokayT BW25141ArelAAspoT ((p)ppGpp?), He
CNoco6HbI crHTe3MpPOoBaThb (P)PPGPP, KyNbTUBUPOBanM Ha cpefe M9 ¢ pasnnyHbiM copepkaHeM rnoko3bl (5.6 1
22.2 mM), B npucyTctBun TpuntodaHa B KauecTBe cybcTpata ANnd CMHTe3a UHAona 1 B ero otcytctaune. CopepaHme
TJIIOKO3bl U3MEPAIN [I0KO300KCMAA3HbIM METOAOM, YPOBEHb UHAONA — Npy nomoLymn BIXKX, koHueHTpauuio LAMO —
meTogom ELISA. Hauano Bo3pacTaHmA MCXOAQHO HU3KOMO BHYTPUKIIETOYHOrO coaepkaHuna LAM® coBnagano c ucyep-
naHveM roKo3bl B cpefe. MakcMmanbHbIli ypoBeHb HakorieHus LAM® B KneTkax 6bin MPOnopLUmMoHaneH KOHLEH-
Tpaumm NCXoaHo fobaBneHHON roKo3bl. Mpu 3Tom (p)ppGPP° MyTaHT 4EMOHCTPUPOBAN CHUXEHMNE MaKCUMabHOIO
ypoBHA LAM® no cpaBHeHuto ¢ (p)ppGppt poanTenem, Hanbonee BbipaxKeHHOe Ha cpefe € 22.2 MM roKo3bl. Takum
obpasom, (p)ppGpp nonoxmtenbHo perynupyet obpasosaHne LAM®. M3BecTHO, uTo NpomMoTop TpMnTodaHasHOro
ornepoHa, OTBETCTBEHHOIO 3a GUOCUHTE3 MHAO0MA, HAXOAMTCA NMOA NMONOXKMTEIbHBIM KOHTPOJIEM MexaHM3ma KaTabo-
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nUTHOM penpeccun. Moatomy B KneTkax (p)ppGpp* WTamma B yCIIOBUAX HA3KOW CKOPOCTU CMOHTaHHOIo obpa3oBaHuA
MHAONA Ha 6ecTpunTodaHOBO Cpeae 3HaUNTENIbHO YCUIIMBANCA €ro CYHTE3 B OTBET Ha BO3pacTaHue ypoBHA LAMO
NPV NCYepnaHnm rIOKO3bl, Yero He Habnoganochb y (P)ppPGppP° MyTaHTa C NOHMKEHHbIM HakonneHnem LAMO. Mpwu
nobaBke TpunTodpaHa oba WTaMma AEMOHCTPUPOBAN BbICOKYIO NPOAYKLUMIO NHAONA, YTO COMPOBOXKAANOCH CHUXE-
HMeM ypoBHA HakomnneHna LAM® no cpaBHeHuto ¢ 6ecTprnTodaHoBbIM KOHTposieM. Takum obpasom, (p)ppGpp npu
ncyepnaHnm roKo3bl MONOXKUTENbHO perynmpyeT HakonneHne UAM® v nHZona, KOTOPbIN, B CBOKO ouepefb, CHXaeT

obpasoBaHve LAMO.

KntoueBble cnoBa: Escherichia coli; curHanbHble monekynbl; LAM®; (p)ppGpp; MHAON; FoKo3a; TpUnTodaH.

Introduction

The adaptation of bacteria to stress is based on a subtle tuning
of regulatory networks by the changes in gene expression and
enzyme activity. Furthermore, the metabolic products of bac-
terial cells, such as indole and second messengers (p)ppGpp
and cAMP, are regulatory signals. The interaction of the me-
tabolic pathways of these signaling molecules ensures the
adaptation of bacteria to various changes in the environment,
which is of great scientific interest.

Among the currently known nucleotide second messengers,
cAMP (3',5'-cyclic adenosine monophosphate) and (p)ppGpp
(guanosine tetra(penta)phosphate) were the first to be studied
in most detail in the model organism Escherichia coli. They
act as intracellular “secondary” signals, transducing informa-
tion about the actual microenvironment of bacterial cells by
transforming the extracellular “primary” signals into a cascade
of intracellular physiological changes necessary to support
important biological functions (Hengge et al., 2019).

cAMP is synthesized by the enzyme adenylate cyclase,
encoded by the cyad gene, that catalyzes the cyclization
reaction of adenosine triphosphate (ATP) to form cAMP and
inorganic pyrophosphate (Botsford, Harman, 1992) and is
cleaved to form AMP by means of phosphodiesterases CpdA
(Imamura et al., 1996) and DosP (Yoshimura-Suzuki et al.,
2005). The global regulator cAMP plays an important role in
many biological processes, including the regulation of growth,
differentiation and general cell metabolism, division, starva-
tion, anaerobiosis, carbon metabolism, stress reactions (Gosset
et al., 2004), osmoregulation (Balsalobre et al., 2006), and
quorum sensing (Zhou et al., 2008). Transcriptomic analysis
has shown that more than 200 operons are under direct or in-
direct control of cAMP (Gutierrez-Rios et al., 2007). cAMP in
complex with the cAMP receptor protein (CRP) (Rickenberg,
1974) regulates the transcription of several hundred genes,
some of which are involved in catabolic processes (Botsford,
Harman, 1992), and thus participates in multiple regulatory
networks.

Another well-known second messenger, (p)ppGpp, induces
one of the main bacterial adaptive mechanisms — the stringent
response (Potrykus, Cashel, 2008; Hauryliuk et al., 2015),
affecting various aspects of bacterial physiology, such as per-
sistence, virulence, biofilm formation, and others (Dalebroux
etal., 2010; Maisonneuve, Gerdes, 2014). Since the (p)ppGpp
alarmone is a global regulator that controls the expression of
about 1,400 genes (Traxler et al., 2008), its main function is to
regulate the growth and survival of bacterial cells in response
to nutrient deficiency and various stress factors (Hengge et
al., 2019). Elevated levels of (p)ppGpp delay bacterial growth
by suppressing the production of RNA, DNA, and proteins
(Mechold et al., 2013). In E. coli cells, (p)ppGpp levels are

determined by the balance between two alarmone synthetases
RelA/SpoT, the homologues of (RSH) protein family — RelA
with only synthesizing activity and the bifunctional enzyme
SpoT, which exhibits both (p)ppGpp synthetase and hydro-
lase activities. RelA synthetase is activated upon binding to
ribosomes during amino acid starvation, when uncharged
tRNAs bind to the A site of the ribosome. SpoT-dependent
accumulation of (p)ppGpp in bacterial cells occurs when
there is a lack of carbon sources, fatty acids, iron, nitrogen,
phosphates, as well as under oxidative stress, etc. (Arenz et al.,
2016). In E. coli cells, (p)ppGpp regulates gene transcription
by changing the activity of RNA polymerase via direct interac-
tion with the enzyme or indirectly, reducing the cellular pool
of guanosine triphosphate (GTP) and, accordingly, the ATP/
GTP ratio as a result of the consumption of GTP for (p)ppGpp
synthesis (Dalebroux, Swanson, 2012; Hauryliuk etal., 2015).

Indole, a signaling molecule of stationary phase bacterial
cells, also takes part in a signal transduction of changes in
conditions of bacterial microenvironment. Indole production
by E. coli cells, discovered in the early 20th century, has pre-
viously been used as a diagnostic marker to differentiate £. coli
from other enteric bacteria. However, as it is now known, the
ability of bacteria to synthesize indole is widespread among
different species of microorganisms. It is produced by at least
27 genera of bacteria capable of synthesizing the enzyme tryp-
tophanase TnaA, which breaks down tryptophan to produce
indole, pyruvate and ammonium (Lee et al., 2007). Indole is
imported into the cell mainly through Mtr permease (Yanofsky
etal., 1991) and is exported from the cell using the multidrug
efflux pump AcrEF (Kawamura-Sato et al., 1999). In E. coli
cells, indole regulates such important cellular processes as
biofilm formation (Lee et al., 2007), persistence (Kwan et al.,
2015), the development of multidrug resistance (Hirakawa
et al., 2005), changes in plasmid stability (Chant, Summers,
2007), motility (Bansal et al., 2007), and the ability to survive
in mixed bacterial cultures (Chu et al., 2012).

Regulatory networks including the signaling molecules
cAMP, (p)ppGpp and indole closely interact in bacterial cells
to transduce intracellular or environmental signals for trig-
gering a cascade of biochemical reactions leading to changes
in cell gene expression profile and metabolism. One of the
regulators of indole synthesis is CAMP, which, as part of the
cAMP-CRP complex, positively regulates the transcription
of tryptophanase operon responsible for indole production
(Stewart, Yanofsky, 1985). We have previously shown that
indole formation in E. coli is a (p)ppGpp-dependent process
(Kashevarova et al., 2022). Decreased cAMP levels as a result
of degradation by phosphodiesterases reduce indole produc-
tion, increasing persistence (Kwan et al., 2015). At the same
time, the works of other researchers showed that exogenous
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addition of cAMP, with the participation of the cAMP-CRP
regulatory complex controlling the expression of RelA syn-
thetase, stimulated its expression and resulted in an increase in
(p)ppGpp production and persistence. Moreover, the activity
of the cAMP-CRP complex and the cAMP-CRP-controlled
expression of RelA increased upon glucose depletion in both
normal and persistent cells (Amato et al., 2013). Thus, regu-
latory signals cAMP and indole (Kwan et al., 2015), along
with (p)ppGpp (Wood et al., 2013), are involved in multiple
persistence pathways.

The purpose of our study is to study the effect of (p)ppGpp
and indole on the formation of cAMP under conditions of
depletion of the carbon substrate glucose.

Materials and methods
Strains and culture conditions. The objects of the study
were the E. coli BW25141 parent strain (WT, (p)ppGpp™)
(Datsenko, Wanner, 2000) and the BW25141ArelAAspoT
mutant ((p)ppGpp®) (laboratory collection). Cultures stored
on Luria—Bertani (LB) agar (Sigma, USA) were cultivated
for 5 hours at 37 °C in tubes with 5 mL of LB broth (Sigma,
USA). Then, the cells were transferred to Erlenmeyer flasks
with minimal M9 medium (50 mL) containing 5.6 mM (0.1 %)
or 22.2 mM (0.4 %) glucose and cultivated at 120 rpm for
18 hours in a thermostated shaker GFL 1092 (GFL, Germany).
Overnight cultures were diluted in 50 mL of M9 medium with
appropriate concentrations of glucose to ODgo = 0.2. Trypto-
phan (2 mM) (AppliChem, Germany) was added to some of
the flasks, keeping the others as controls, and then cultivated
under the same conditions for 168 hours. The optical density of
the cultures was measured by the absorbance value at 600 nm
on a UV-1650PC spectrophotometer (Shimadzu, Japan).
Gene engineering. The BW25141ArelAAspoT deletion
mutant was constructed using the FLP/FRT site-specific re-
combination system (Datsenko, Wanner, 2000).

Glucose content in the medium was determined by the
glucose oxidase method using a Glucose- Vital kit (Vital Deve-
lopment Corporation, Russia). 5 uL of the samples were taken
from the exponentially growing cultures with a time interval
of one hour, and then once a day, and incubated with 1 mL
of the kit reagent at room temperature for 15 minutes. When
glucose is oxidized by glucose oxidase under the atmospheric
pressure, an equimolar amount of hydrogen peroxide is formed
that, in its turn, oxidizes chromogenic substrates by means of
peroxidase to form a colored product proportionally to glucose
concentration that was measured photometrically at 510 nm
on the UV-1650PC spectrophotometer (Shimadzu, Japan).

Determination of indole. The concentration of indole in
the medium was measured by high-performance liquid chro-
matography (Kim et al., 2013), with minor modifications,
on an LC-20A chromatograph with an SPD-M20A spectro-
photometric detector (Shimadzu, Japan), Luna C18 column
(250%4.6 mm, 5 um), SecurityGuard C18 pre-column (4%3 mm)
(Phenomenex, USA). To determine extracellular indole, the
samples were taken from the exponential phase cultures with
a time interval of 2 hours and once a day from the stationary
phase ones. Cells were pelleted by centrifugation. Supernatant
samples in a volume of 20 uL were analyzed at a mobile phase
flow rate of 1 mL/min (a mixture of acetonitrile (Kriochrome,
Russia) and acetic acid in a 1:1 ratio) and +25 °C with detec-
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tion at a wavelength of 280 nm. To calculate the indole content
in the sample, the external standard method was used based
on a previously constructed calibration curve.

Measurement of cAMP concentration. Quantitative de-
termination of intracellular cAMP concentration was carried
out by the competitive enzyme-linked immunosorbent as-
say (ELISA). 1.5 mL of the test culture was centrifuged at
12,000 rpm at +4 °C for 5 minutes. The pellet was resuspended
in 300 pL of 0.1N HCI, kept for 5 minutes at +95 °C, followed
by destruction of cells using a CPX-130 ultrasonic disinte-
grator (Cole-Parmer, USA), using a probe with a diameter
of 6 mm (3 cycles for 30 seconds at an amplitude of 40 %).
Cell residues were precipitated by centrifugation for 15 mi-
nutes. cAMP concentration was determined in the resulting
supernatant after neutralization with 2 M Na,CO; according
to the manufacturer’s instruction (RayBio® cAMP Enzyme
Immunoassay). Experiments were carried out with at least
two independent cultures. The data obtained were normalized
to intracellular volume based on absolutely dry cell biomass.

Statistical analysis. The results obtained were processed
statistically using the standard software package Statistica 6.0
(StatSoft Inc., USA). On the graphs, the means (at least three
experiments) and the standard deviations are represented.
The significance of differences was assessed using Student’s
t-test (p < 0.05).

Results

In the present work, the dynamics of glucose depletion and
the formation of cAMP and indole in periodic cultures of
the E. coli BW25141 wild-type strain and the ArelAAspoT
deletion mutant grown in M9 mineral medium with different
contents of initially added glucose (5.6 and 22.2 mM) were
studied. Overproduction of indole was induced by exogenous
addition of the amino acid tryptophan (2 mM), a precursor of
indole synthesis, in order to study its effect on the activity of
metabolic processes, in particular, the consumption rate of
carbon substrate (glucose) and cAMP formation.

When studying the glucose consumption in the strain pe-
riodic cultures, it was found that at an initially low concentra-
tion of glucose (5.6 mM), substrate depletion in the cells of
both strains studied occurred in the first hours of cultivation
(Fig. 1, a). Moreover, in the culture of the parental strain, glu-
cose was completely consumed after 3 hours of growth, while
(p)ppGpp absence in the cells of the ArelAAspoT mutant led to
a delay in substrate consumption by 2 hours as compared to the
wild-type strain. At the same time, the presence of tryptophan
in the medium had no effect in both cases.

In the culture of parent strain with high initial glucose
concentration (22.2 mM), it was consumed for 12 hours
after the cells were inoculated to a fresh nutrient medium
(Fig. 1, b). The double ArelA AspoT mutation, as well as at the
low glucose concentration (5.6 mM), led to a slowing down
of substrate utilization rate, so that glucose was consumed for
more than 24 hours. However, the addition of tryptophan to
the medium caused an acceleration of glucose consumption
for more than 4 hours in the parental strain and for 24 hours
in the (p)ppGpp? mutant.

The onset of an increase in the initially low intracellular
level of cAMP coincided with the depletion of glucose in the
medium. Moreover, in cultures grown in the medium with
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Fig. 1. Dynamics of glucose consumption in cultures of the parental strain (WT) and the (p)ppGpp® mutant in the medium
without tryptophan and with the addition of 2 mM tryptophan at 5.6 mM (a) and 22.2 mM glucose (b).

* Statistically significant difference between the (p)ppGpp?® mutant and the (p)ppGpp* strain in the medium without tryptophan; * statisti-
cally significant difference between the (p)ppGpp? mutant and the (p)ppGpp™ strain in the medium with the addition of 2 mM tryptophan;
X statistically significant difference between the (p)ppGpp™ strain supplemented with 2 mM tryptophan and the (p)ppGpp* strain in the
tryptophan-free medium; ** statistically significant difference between the (p)ppGpp® mutant in the medium with 2 mM tryptophan and

the (p)ppGpp? one in the tryptophan-free medium (p < 0.05).
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Fig. 2. Glucose consumption (histogram/columns) and cAMP formation (graph/diamonds) in cultures of the parent strain and the (p)ppGpp® mutant
in the medium without tryptophan and with the addition of 2 mM tryptophan at content of 5.6 mM (a) and 22.2 mM glucose (b).

5.6 mM glucose, the increase in cAMP concentration occurred
earlier than in those grown in the medium with the addition
of 22.2 mM glucose (Fig. 2). At low glucose content in the
medium, the (p)ppGpp™ strain showed rapid depletion of
glucose for the first 1-3 hours, which was accompanied by
an active accumulation of cAMP during the same period (see
Fig. 2, a). However, the double ArelAAspoT deletion led to
a sharper increase in cAMP levels starting at 5 hours, which
was not observed in the medium containing 22.2 mM glucose.
By the end of the observed period of the first day of cultivation
(9 hours of growth), higher values of cAMP accumulation
were demonstrated by the mutant at 5.6 mM glucose, which
was approximately 2 times higher than the cAMP level at
22.2 mM glucose.

In stationary cultures, a high concentration of initially
added glucose (22.2 mM) in the medium led to higher levels
of cAMP accumulation than at 5.6 mM glucose; however, in
the case of the deletion mutant, these differences were less
pronounced (Fig. 3).

The maximum values of cAMP accumulation in cells were
proportional to the concentration of added glucose. At the same
time, the (p)ppGpp? knockout demonstrated a decrease in the
maximum level of cAMP compared to the WT strain that was
the most pronounced in the medium with 22.2 mM glucose.
Maximum accumulation of cAMP at 5.6 mM glucose content
in the mutant strain was achieved at 9 hours of cultivation with
a subsequent decrease, whereas in the (p)ppGpp* parent, by
72 hours in the tryptophan-free medium and 24 hours in the
one supplemented with tryptophan (see Fig. 3, a). At high
glucose content (22.2 mM), the maximum cAMP values in
the WT strain were observed at 72 hours of growth both in
the tryptophan-free medium and in the presence of the indole
precursor (see Fig. 3, b). At the same time, the cAMP level in
the (p)ppGpp? knockout changed slightly throughout the entire
cultivation period, especially in the medium supplemented
with tryptophan, and was up to 6 times lower as compared to
the WT strain. Thus, the absence of (p)ppGpp in the cells led
to a decrease in cAMP production.
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Fig. 3. Growth curves (dashed lines) and cAMP formation (solid lines) in the cultures of parent and mutant strains in the medium without tryptophan
(open symbols) and with the addition of 2 mM tryptophan (filled symbols) at a content of 5.6 mM (a) and 22.2 mM glucose (b) in the medium.

* Statistically significant difference between the (p)ppGpp® mutant and the (p)ppGpp™ strain in the medium without tryptophan; * statistically significant dif-
ference between the (p)ppGpp? mutant and the (p)ppGpp™ strain at the supplementation of 2 mM tryptophan.

We have previously shown that the effect of (p)ppGpp —
a stringent response signaling molecule — in the process of
indole production regulation by E. coli cells depends on the
glucose content in the cultural medium (Kashevarova et al.,
2022). Therefore, (p)ppGpp positively regulates the synthesis
of indole under the conditions of its spontaneous formation
at high content of glucose in the tryptophan-free medium.
However, this did not occur at low glucose concentration. At
exogenous addition of 2 mM tryptophan, (p)ppGpp-dependent
indole production was observed at both glucose concentrations
studied, with a more pronounced effect at the high carbon
substrate content. However, glucose limitation at the start of
cultivation (in the medium with 5.6 mM glucose) led to an
increase in the rate of indole accumulation and a reduction in
the time spent to reach its maximum values (Fig. 4).

When studying the effect of indole overproduction on the
synthesis of cAMP depending on the carbon substrate content,
it was found that the addition of the amino acid tryptophan,
which caused the accumulation of indole in the medium to
2.2-2.9 mM (see Fig. 4, ¢, d), did not have a significant effect
on intracellular cAMP concentration in both parent and dele-
tion strains at the studied glucose concentrations. However,
there was an exception: at high glucose content, the (p)ppGpp*
strain demonstrated a decrease in the cAMP levels of up to
4 times compared to the tryptophan-free control in response
to tryptophan addition (Fig. 5).

Discussion
Bacteria, exposed to various stress factors such as starvation,
temperature, acid, oxidative stress, etc., have developed effec-
tive stress response mechanisms for cell adaptation to unfa-
vorable conditions. Stress responses are induced by signaling
molecules that trigger a chain of reactions leading to changes
in gene expression and restructuring of cell metabolism, which
allows bacteria to survive adverse effects.

In the present work, the mutual influence of the signaling
molecules (p)ppGpp, cAMP, and indole upon depletion of

glucose in the culture medium was studied. Glucose is the
preferred source of carbon and energy for E. coli cells, which
have developed a complex regulatory network that coordinates
gene expression, transport, and enzyme activity in response to
the presence of this substrate (Gutierrez-Rios et al., 2007). Car-
bon starvation induces a general stress response regulated by
catabolic repression and the (p)ppGpp-mediated stringent re-
sponse. In E. coli, genes controlled by the catabolic repression
regulator protein (CRP) are RelA-dependent, indicating that
(p)ppGpp is a global regulator of carbon starvation (Traxler et
al., 2006) and demonstrating the interaction between catabolic
repression and stringent response mechanisms. A recent study
using fluorescence spectroscopy showed that (p)ppGpp is able
to bind to the CRP protein with high affinity, and molecular
docking results suggested that (p)ppGpp may negatively
regulate the activity of this protein. Thus, CRP-controlled
gene expression is modulated by (p)ppGpp as a result of its
binding to CRP under starvation stress (Duysak et al., 2021).

In bacterial cells, intracellular levels of cAMP are depen-
dent on many factors and, first of all, are determined by the
ratio of the enzymes adenylate cyclase and phosphodiester-
ase activities. The cAMP signaling molecule is a part of the
cAMP-CRP complex, which, on the one hand, is controlled by
carbohydrates of the phosphoenolpyruvate phosphotransferase
system (Deutscher et al., 2006), and, on the other, regulates
the catabolite repression of carbon (Botsford, Harman, 1992).
The presence of glucose in the growth medium suppresses
the expression of enzymes that catalyze the metabolism
of other carbon sources, reducing the levels of both CRP
protein and cAMP (Ishizuka et al., 1994). In E. coli, cellular
cAMP levels are inversely proportional to the concentration
of carbon source, resulting in low cAMP content in the pre-
sence of an easily metabolized carbon source (glucose). In
addition to carbon catabolism, cAMP-CRP regulon controls
important cellular functions associated with stress response,
cell division, and amino acid metabolism, including the tna4
(tryptophanase) gene, which is responsible for the production
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Fig. 4. Indole production (filled symbols) and cAMP formation (open symbols) in cultures of the parent strain (WT) and the (p)ppGpp® mutant in the
medium without tryptophan (a, b) and with the addition of 2 mM tryptophan (c, d) at 22.2 mM (g, ¢) and 5.6 mM glucose (b, d).

* Statistically significant difference between the (p)ppGpp? mutant and the (p)ppGpp strain in terms of indole and cAMP production (black and blue, respectively)

(p <0.05).

of one of the E. coli metabolites, indole, from the amino acid
tryptophan (Isaacs et al., 1994).

In this work, the dependence of the dynamics of cAMP
and indole synthesis on the presence of (p)ppGpp and glu-
cose contents in the growth medium has been studied. In the
experiments, two glucose concentrations of 5.6 and 22.2 mM
have been used, which we have designated as low and high
glucose contents, respectively. When glucose is depleted in
the medium with tryptophan, the metabolism of bacterial cells
switches to the utilization of this substrate, which E. coli cells
are able to use as the only source of carbon and nitrogen due
to the action of the inducible enzyme tryptophanase, which
breaks down tryptophan to form indole (Yanofsky et al., 1991).

Our studies have shown that the absence of (p)ppGpp in
cells reduced their ability to utilize glucose, which was the
most pronounced at high glucose content in the growth me-
dium (22.2 mM). However, an acceleration of glucose con-
sumption from the medium supplemented with tryptophan
was demonstrated (see Fig. 1). The ability of bacterial cells
to produce (p)ppGpp plays an important role in glucose me-
tabolism, which has been shown for both Gram-positive and
Gram-negative bacteria (Oh et al., 2015). In the process of
bacterial adaptation to glucose starvation, in addition to
stringent response, in which cell growth and the synthesis of
macromolecules are inhibited, an expanded adaptive response
is formed, including inhibition of glycolysis and metabolic
transitions mediated through the mechanism of catabolite
repression (Zhang et al., 2016). Our experiments have shown
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Fig. 5. Indole production (graph) and cAMP formation (histogram) in the
parent strain in the medium without tryptophan (diamonds/white co-
lumns) and with the addition of 2 mM tryptophan (circles/black columns)
at 22.2 mM glucose.

* Statistically significant difference between the (p)ppGpp* strain supple-
mented with 2 mM tryptophan and the same one grown in the tryptophan-
free medium (p < 0.05).

that the depletion of glucose in the medium is accompanied
by an increase in the initially low intracellular cAMP content.
The maximum level of cAMP accumulation in bacterial cells
has been shown to be proportional to the concentration of
the initially added substrate. At low glucose concentration
(5.6 mM), an increase in the cAMP level occurred earlier
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than at 22.2 mM glucose (see Fig. 2). At 5.6 mM glucose,
the maximum values of intracellular cAMP concentration
over a 168-hour period of observation were achieved already
at the first day of cultivation in the (p)ppGpp?® mutant and at
24 hours in the parental strain with the addition of trypto-
phan. At the same time, in the tryptophan-free culture of the
(p)ppGpp? strain, the maximum cAMP level was observed
at 72 hours of cultivation (see Fig. 3, a), as well as under the
conditions of 22.2 mM glucose addition to the medium (see
Fig. 3, b). At initially high glucose content, the level of cAMP
was higher in the parental strain as compared to the deletion
mutant both in the tryptophan-free medium and in its pre-
sence (see Fig. 3, b). Thus, the absence of (p)ppGpp in cells
led to a decrease in cAMP formation. These data allow us to
assume that the process of cAMP synthesis in E. coli cells is
positively regulated by (p)ppGpp.

The second messenger (p)ppGpp is able to modulate gene
expression in response to various stress factors in different
bacterial species (Irving, Corrigan, 2018). It is a key regulator
of stringent response, one of the most important protective
mechanisms in bacterial adaptation induced primarily by
starvation stress (Traxler et al., 2006, 2008). In Gram-negative
bacteria, (p)ppGpp regulates transcription initiation by directly
binding to RNA polymerase. In this case, the stimulatory or
inhibitory effects of (p)ppGpp on transcription depend on the
composition of the discriminatory sequences (AT- or GC-rich)
(Sanchez-Vazquez et al., 2019). In addition, (p)ppGpp can
directly bind to proteins and thereby change their catalytic
activity. Thus, in the work (Ro et al., 2021), it was shown that
(p)ppGpp promotes acetylation of the CRP protein, which,
as a part of the cAMP-CRP complex, plays a key role in
the regulation of gene expression in E. coli. However, there
are no significant differences between the parent strain and
the mutant one with a deletion of one of two E. coli ArelA
alarmone synthetases in either the levels of cAMP content or
the expression of adenylate cyclase cyad responsible for the
production of cAMP.

Our results have demonstrated the effect of (p)ppGpp on the
level of cAMP content, which is displayed in an increase in the
concentration of cAMP in the (p)ppGpp* strain as compared
to the mutant strain with the double Arel4AspoT deletion by
2.8 and 6 times at 5.6 and 22.2 mM glucose content, respec-
tively, at 72 hours of growth in the tryptophan-free medium
(see Fig. 3). A similar effect of (p)ppGpp on the level of cAMP
was also observed under excessive accumulation of indole,
but only at high initial glucose concentration in the medium
(22.2 mM) (see Fig. 3, b). However, the difference in cAMP
content between the WT strain and the knockout one disap-
peared under glucose limitation (5.6 mM, see Fig. 3, @). The
lack of (p)ppGpp effect on cAMP levels (Ro et al., 2021) could
probably be explained by the activity of SpoT synthetase lead-
ing to the accumulation of (p)ppGpp, while in our experiments
the complete absence of stringent response signaling molecule
should be ensured by the double Arel4AspoT deletion. Interest-
ingly, the presence of (p)ppGpp in cells accelerated the onset of
cAMP synthesis under the conditions of glucose limitation (at
the initial content of 5.6 mM glucose in the growth medium),
which was observed after 3 hours of growth by a statistically
significant 4-fold increase in intracellular cAMP concentra-
tion in the (p)ppGpp™* strain as compared to the ArelAAspoT
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mutant in the tryptophan-free medium. However, at the next
two sampling points — 5 and 9 hours of cultivation — the
(p)ppGpp° knockout was superior compared to the parent
strain in the level of cAMP production (see Fig. 4, b), which
was also displayed under tryptophan supplementation (see
Fig. 4, d).

The present study shows that (p)ppGpp is involved in the
regulation of cAMP production, as well as in indole biosyn-
thesis. It is known that the tnaCAB operon responsible for
indole biosynthesis is positively regulated by the cAMP-
CRP-dependent mechanism of catabolite repression and is
induced at the transcriptional level upon depletion of carbo-
hydrates and cell transition to the stationary phase (Stewart,
Yanofsky, 1985). This explains the observed increase in the
cAMP content to levels of 1.8 and 6 ng/uL during cell growth
in the tryptophan-free medium at 5.6 and 22.2 mM glucose,
respectively (see Fig. 3). This was accompanied by a signifi-
cant increase in indole formation of up to 10 times at high
glucose content in the medium, which is typical only for the
parent strain, but not for the mutant one (see Fig. 4, a). Based
on these data, we concluded that the alarmone (p)ppGpp
along with catabolite repression can positively regulate the
process of indole formation. As it follows from Fig. 4, a, b,
the intracellular concentration of cAMP was decreased by 6
and 3 times at 22.2 and 5.6 mM glucose, respectively, in the
ArelAAspoT mutant as compared to the (p)ppGpp™ strain
under growth in the tryptophan-free medium. This indicates
a positive role of (p)ppGpp in the regulation of both cAMP
synthesis and indole production. Under the addition of trypto-
phan, both the parent and the mutant strains have demonstrated
high indole production at both glucose concentrations studied
(see Fig. 4, ¢, d). The increase in indole formation occurred
earlier in the medium with low glucose content compared to
the one with 22.2 mM glucose, which may be due to the earlier
formation of cAMP in the cells. At the same time, the mutant
has also demonstrated a time delay in indole accumulation,
which was more pronounced at high initial glucose content
in the medium (see Fig. 4, ¢). Thus, in E. coli cells, indole
production has been shown to be under the positive control
ofthe second messengers (p)ppGpp and cAMP under glucose
depletion during batch culture growth.

As shown by our experiments, the cAMP level in E. coli
cells depends to some extent on the indole content in the
medium. The presence of tryptophan, a substrate for indole
synthesis, led to overproduction of indole in the cultures of
both the WT strain and the mutant. However, a decrease in
cAMP concentration was observed only in the parent strain,
which was more pronounced at 22.2 mM glucose (see Fig. 5).
However, high indole production in knockout cell culture did
not produce a significant effect on the cAMP level.

Therefore, the results obtained in this work demonstrate
that the absence of the alarmone (p)ppGpp in E. coli cells led
to a decrease in cAMP formation and deceleration in glucose
metabolism. An increase in the level of cAMP in response
to glucose depletion was accompanied by the synthesis of
indole with a pronounced decrease in its accumulation in
the (p)ppGpp? mutant as compared to the parent strain. This
was observed in both the tryptophan-free medium and at the
tryptophan addition. In cells of the (p)ppGpp™ strain growing
in the tryptophan-free medium at a low rate of spontaneous
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indole formation, its synthesis was significantly increased in
response to an increase in the level of cAMP upon depletion of
glucose. This phenomenon was not observed in the (p)ppGpp°
mutant that was characterized by a reduced accumulation of
cAMP. These data indicate a positive role of (p)ppGpp in the
regulation of indole formation, along with the cAMP-mediated
catabolic repression. At the addition of tryptophan, both the
parental and (p)ppGpp? strains have demonstrated high indole
production, which was accompanied by a decrease in the level
of cAMP accumulation in comparison with the tryptophan-
free control and was the most pronounced in the (p)ppGpp*
strain at 22.2 mM glucose. Thus, at glucose depletion, the
alarmone (p)ppGpp positively regulates the accumulation
of cAMP and indole, and the latter, in its turn, reduces the
formation of cAMP.

Conclusion

The survival of bacteria in continuously changing environ-
mental conditions is due to a complex, formed during the
evolutionary process, system of numerous interacting regula-
tory networks that control the diverse physiological functions
of bacteria under various stress factors. This work studies the
interaction of signaling molecules cAMP, (p)ppGpp, and in-
dole, under the conditions of substrate limitation. The results
obtained demonstrate that (p)ppGpp functions as a positive
regulator of such processes as glucose metabolism, cAMP
synthesis, and indole production. The intracellular level of
cAMP accumulation depends on both glucose availability in
the medium and the stringent response alarmone (p)ppGpp.-
The absence of (p)ppGpp in cells reduces their ability to
produce indole under the conditions of a low rate of its spon-
taneous formation during cell growth in the tryptophan-free
medium and decelerates the rate of indole accumulation in the
medium supplemented with tryptophan. Indole biosynthesis
in E. coli is positively regulated by the signaling molecules
(p)ppGpp and cAMP at substrate limitation. This gives us
reason to conclude that (p)ppGpp-dependent indole produc-
tion is mediated through changes in the level of cAMP in
cells. The results obtained demonstrate the modulatory effect
of (p)ppGpp on the expression of genes of the tryptophanase
operon regulated by means of the cAMP-CRP-dependent
mechanism of catabolite repression, the removal of which is
induced in response to glucose depletion.
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Effects of polyamines and indole on the expression
of ribosome hibernation factors in Escherichia coli
at the translational level
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Abstract. Polyamines and indole are small regulatory molecules that are involved in the adaptation to stress in bac-
teria, including the regulation of gene expression. Genes, the translation of which is under the regulatory effects of
polyamines, form the polyamine modulon. Previously, we showed that polyamines upregulated the transcription of
genes encoding the ribosome hibernation factors RMF, RaiA, SRA, EttA and RsfS in Escherichia coli. At the same time,
indole affected the expression at the transcriptional level of only the raiA and rmf genes. Ribosome hibernation
factors reversibly inhibit translation under stress conditions, including exposure to antibiotics, to avoid resource
waste and to conserve ribosomes for a quick restoration of their functions when favorable conditions occur. In this
work, we have studied the influence of indole on the expression of the raiA and rmf genes at the translational level
and regulatory effects of the polyamines putrescine, cadaverine and spermidine on the translation of the rmf, raiA,
sra, ettA and rsfS genes. We have analyzed the mRNA primary structures of the studied genes and the predicted
mMRNA secondary structures obtained by using the RNAfold program for the availability of polyamine modulon
features. We have found that all of the studied genes contain specific features typical of the polyamine modulon.
Furthermore, to investigate the influence of polyamines and indole on the translation of the studied genes, we have
constructed the translational reporter lacZ-fusions by using the pRS552/ARS45 system. According to the results ob-
tained, polyamines upregulated the expression of the rmf, raiA and sra genes, the highest expression of which was
observed at the stationary phase, but did not affect the translation of the ettA and rsfS genes, the highest expression
of which took place during the exponential phase. The stimulatory effects were polyamine-specific and observed at
the stationary phase, when bacteria are under multiple stresses. In addition, the data obtained demonstrated that
indole significantly inhibited translation of the raiA and rmf genes, despite the stimulatory effect on their transcrip-
tion. This can suggest the activity of a posttranscriptional regulatory mechanism of indole on gene expression.
Key words: polyamines; polyamine modulon; indole; ribosome hibernation factors; reporter gene fusions; gene
expression; adaptation to stress.
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PerynsiTopHble 3(p(peKThI MMOJAMaMUHOB U MHI0/1a
Ha SKcIpeccrio pakTopoB rmdoepHaunuy pumdéocomM
v Escherichia coli Ha ypOBHe TPaHCISLIUN

E.A. XaoBa®, A.I. TkaueHKo

WNHCTUTYT 3KONOrMn 1 reHeTUK MUKPOOPTraHN3MOB YPasibCKOro oTaeneHunsa PoccMinckom akagemmnm HayK —
dunman Mepmckoro dpefepanbHOro NCCNefoBaTeNbCKOro LieHTPa Ypanbckoro oTaeneHnsa Poccuinckon akagemun Hayk, Mepmb, Poccua
® akkuzina-elena510@mail.ru

AHHoTayua. [NonraMuHbl 1 MHAON — PEryNATOPHbIE MONEKYSIbl, KOTOPbIE YYaCTBYIOT B aganTalmm K cTpeccy y 6ak-
TepUin, BKIKOYAA perynaumio reHHoM aKkcnpeccui. [eHbl, TPaHCALMA KOTOPbIX HAXOAUTCA MO PerynATOPHbIM BANA-
HUeM MoNNaMMHOB, COCTaBAAIOT NOJIMAMUHOBbIN MOAYNOH. PaHee Hamy NoKasaHo, YTO MNOMAMUHbBI CTUMYANPYIOT
TPaHCKPUNLUIO reHoB, Koampyowmx dakTopbl rnbepHauun pubéocom RMF, RaiA, SRA, EttA, RsfS y Escherichia coli,
a 3¢ deKT MHOONA OrPaHNUMBANICA NINLWb ABYMSA 13 HUX — raiA n rmf. ®akTopbl rmbepHaumm pnbocom obpaTrmo
VNHIMOMPYIOT TPAHCAALMIO B YCNIOBUAX CTPeCca C LeNblo SKOHOMUM KNETOUHbIX PECYPCOB, Urpas KoUeByo posib
B BbPKMBaHMM GaKTEPUIA, B TOM YMC/ie MPU BO3LENCTBMU aHTUOMOTNKOB. [JaHHas paboTa NocesleHa N3yUYeHuto
BAVAHMWA NHOO0NA Ha SKCMPECCUIO FreHOB raiA n rmf Ha TPaHCIALMOHHOM YPOBHE, a TakXKe PerynaTopHbix 3¢pdeKTos
NonMaMUHOB NYTPECLMNHA, KajaBeprHa U CNePMUANHA Ha TPAHCNALMIO reHOB rmf, raiA, sra, ettA, rsfS. MpoaHanusn-
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S deKT NnonmamrHoOB 1 nHona
Ha daKTopbl rMbepHaLmm prbocom

poBaB nepBuryHble CTPYKTYpbl MPHK, a Takxe nonyuyeHHble ¢ nomoLybto nporpammbl RNAfold moaeny BTopuuHbIx
CcTPyKTYp MPHK, Mbl ycTaHOBUAK, UTO BCe UCCeyeMble reHbl UMeT cneynduryeckme npusHaku nonamMmmHoOBOro
MoAynoHa. [1nA n3yyeHus BAVAHVA NONMAMUHOB U MHAOMA Ha TPAHCIALMIO NCCIeAYEeMbIX FEHOB OblIN CKOHCTPYW-
pOBaHbl TPAHCNALMOHHbIE penopTepHble lacZ-cnnaHuna ¢ ncnonb3oBaHrem pRS552/ARS45 cructembl. CornacHo no-
NyYEHHbIM pe3yibTaTaM, MOfIMaMUHbI CTUMYSIMPYIOT SKCMPECCUIO «CTalMoHapHO-dasHbIX» reHoB rmf, raiA, sra, Ho He
0Ka3blBaloT BNAHUA Ha TPAHCIALMIO FeHOB ettA 1 rsfS, Hanbonbluas 3KCNPeCccus KOTOpbIX HabnohaeTcA B SKCMNO-
HeHumanbHon dase pocTa. Ctumynupyowmin 3¢dekT cneurduyeH ana pasnnyHbIX NOMaMUHOB U BO BCEX CITyYanaX
HabslofaeTCA B CTaLMOHapHON da3e, Korga KneTky nofBep»KeHbl MHOMXeCTBEHHOMY CTPECCOPHOMY BO3AENCTBUIO.
Kpome Toro, nonyuyeHHble faHHble AEMOHCTPUPYIOT 3HAUUTENbHbBIN MHIMOMPYoWMIA 3ddeKT MHAONA Ha SKcnpec-
cuio raiA n rmf Ha ypoBHe TPaHCIALMKN, HECMOTPSA Ha ero CTUMyMpYyHoLLee EeNCTBME Ha TPAHCKPUMLMIO AaHHbIX
reHOB, YTO MOXET ABNATLCA MPU3HaKOM GYHKLMOHNPOBAHMWA NOCTTPAHCKPUMLMOHHOTO MeXaH13Ma X perynauum.
KnioueBble cnoBa: NOIMaMyHbl; MOIMAaMHOBbIA MOAYNOH; MHAOM; GpakTopbl rMbepHaLUmm prubocom; penopTepHble
reHHble C/IMAHWSA; FeHHaA SKCNpeccus; afjanTaumsa K cTpeccy.

Introduction

Being the normal metabolites of bacteria, polyamines and
indole are involved in a variety of cellular processes, including
adaptation to stress, antibiotic resistance, biofilm formation,
quorum sensing and persistence (Rhee et al., 2007; Shah,
Swiatlo, 2008; Tkachenko et al., 2012, 2014; Gaimster et al.,
2014; Lee et al., 2015; Miller-Fleming et al., 2015; Michael,
2018; Kim et al., 2020; Zarkan et al., 2020; Lang et al., 2021).
Biogenic polyamines are aliphatic polycations synthesized from
amino acids and present in almost all biological materials.
Bacteria are able to produce predominantly putrescine, cada-
verine and spermidine (Tabor C.W., Tabor H., 1985; Michael,
2016). In turn, indole is a heterocyclic aromatic compound,
which is produced from tryptophan by many bacterial species
and is involved in interspecies and interkingdom signaling
(Zarkan et al., 2020).

One of the ways to realize the regulatory effects of these
metabolites is the modulation of gene expression (Igarashi,
Kashiwagi, 2006, 2018; Kusano et al., 2008; Shah, Swiatlo,
2008; Miller-Fleming et al., 2015; Zarkan et al., 2020; Lang
etal., 2021). Intracellular polyamines are mainly presented by
complexes with RNA, including mRNA. Genes, the expres-
sion of which is upregulated by polyamines at the translational
level, form the polyamine modulon (Igarashi, Kashiwagi,
2006, 2018). At the same time, there are data indicating that
the regulatory activity of both polyamines and indole can be
displayed on different levels of gene expression (Miller-Fle-
ming et al., 2015; Lang et al., 2021; Khaova et al., 2022).
Signaling molecules are able to form the regulatory networks
that can form responses to various stresses (Tkachenko, 2012).
Recently, data were produced about the mutual influence of
polyamines and indole on Escherichia coli metabolism. In par-
ticular, exogenous indole was able to increase the intracellular
content of putrescine and spermidine, whereas the addition of
spermine, which is the predominant product of eukaryotes,
was capable of increasing the indole content in the cultural
medium (Nesterova et al., 2021). The functioning of regulatory
networks is aimed at optimizing responses of bacterial cells
to changes in environmental conditions (Tkachenko, 2012).
Polyamines and indole are known to have many different
effects on cellular processes, but their molecular targets and
mechanisms of action are still not fully understood (Rhee et
al., 2007; Kusano et al., 2008; Shah, Swiatlo, 2008; Lee et

al., 2015; Miller-Fleming et al., 2015; Michael, 2018; Zarkan
et al., 2020).

Previously, we studied the influence of polyamines and
indole on transcription of the rmf, raid, sra, ettA, rsfS genes,
encoding ribosome hibernation factors, in E. coli (Khaova et
al., 2022). These factors are able to reversibly inhibit ribo-
somes under the conditions of nutrient depletion and other
stresses in order to save cell resources and conserve ribosomes
for the following rapid restoration of their functioning as soon
as normal growth conditions are restored. The functioning
of ribosome hibernation factors can lead to the formation
of a dormant state in a bacterial cell. The dormant state is a
metabolically inactive state characterized by growth arrest
(Prossliner et al., 2018; Trosch, Willmund, 2019; Usachev
et al., 2020).

The formation of persistence is associated with dormancy.
Persisters are rare variants of regular cells that have multidrug
tolerance and are one of the reasons for the recalcitrance
of chronic infectious diseases (Lewis, 2010; Zhang, 2014;
Balaban et al., 2019). In addition, persisters are capable of
mutating and surviving during exposure to high concentrations
of antibiotics and, therefore, can be considered as a “reser-
voir” for the emergence of resistant mutants (Zhang, 2014;
Tkachenko, 2018). Although the molecular mechanisms of
persistence are still poorly understood, recently a model for
the formation of persisters as a result of ribosome hibernation
factors’ activity has been suggested (Song, Wood, 2020). There
are also data on the involvement of polyamines and indole
in persistence (Tkachenko et al., 2014, 2017; Zarkan et al.,
2020; Lang et al., 2021). It can be assumed that these signaling
molecules are involved in the formation of persistence through
modulation of the expression of genes encoding ribosome
hibernation factors. This is due to an ability of polyamines
to stimulate the transcription of the rmf, raid, sra, ettA, rsfS
genes encoding ribosome hibernation factors, whereas indole
is able to increase the transcription of two of them, raid and
rmf (Khaova et al., 2022).

These factors have different mechanisms of action. RMF (al-
ternative names — Res, RimF) together with the HPF factor
(alternative name — YhbH) can form inactive 100S dimers of
ribosomes. RaiA (alternative names — YfiA, pY, Urfl) is able
to block the active centers of 70S ribosomes, whereas SRA
(alternative names — RpsV, Protein D) inhibits the translation
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Table 1. E. coli strains used in this work

Effects of polyamines and indole
on ribosome hibernation factors

E. coli strain Relevant characteristics

F-, AlaraD-araB)567, AlacZ4787(::rrnB-3), A(phoBphoR)580, \-galU95, AuidA3::pir+,

Source or reference

recA1, endA9(del-ins)::FRT, rph1, A(rhaD-rhaB)568, hsdR514

by interacting with the 30S subunit, and EttA (alternative
name — Y]jK) inactivates ribosomes in response to low in-
tracellular levels of ATP. Finally, RsfS (alternative names —
YbeB, RsfA) prevents the interaction of 50S and 30S subunits
(Prossliner et al., 2018).

The aim of this work is to study the effects of indole on the
expression of the rai4 and rmf genes at the translational level,
as well as the regulatory effects of the polyamines putrescine,
cadaverine and spermidine on the translation of the rmf, raiA,
sra, ettA and rsfS genes.

Materials and methods

Strains and growth conditions. E. coli strains used in this
work are listed in Table 1. The cells of strains were grown in
LB broth (Sigma) or defined medium M9 (+0.4 % glucose) in
thermoshaker GFL-1092 (GFL) at 37 °C and 120 rpm. Media
were supplemented with kanamycin 25 pg/ml (AppliChem)
and/or ampicillin 50 pg/ml (AppliChem) when required.
LB broth was used for strain constructions and routine cell
growth.

For experiments studying the gene expression, cells of
strains harboring lacZ-fusions were grown in defined me-
dium M9 (+0.4 % glucose). Putrescine, cadaverine, and sper-
midine hydrochlorides (Sigma) were added to the medium for
2 h of cultivation at the concentrations indicated in the figures.
Tryptophan (AppliChem) at 2 mM was added as previously
described (Khaova et al., 2022).

Construction of the translational lacZ-fusions.
BW252141 strains with the chromosomal /acZ-fusions were
obtained by using the pRS552/ARS45 system (Simons et al.,
1987). Primers used in this work are listed in Table 2.

The in-between and resulting genetic constructs were veri-
fied by PCR and sequenced. Sequencing was performed by
Evrogen (Moscow, Russia). All of the enzymes used were
purchased from Thermo Fisher Scientific.

B-galactosidase assay. Gene expression was detected
by the B-galactosidase activity by Miller’s method (Miller,
1972).

mRNA secondary structure prediction. mRNA second-
ary structures were predicted using the RNAfold program
(Lorenz et al., 2011).

Statistical analysis. Statistica for Windows 5.0 (StatSoft,
Inc., 1995) software was used in the processing of experi-

Table 2. Primers used for construction
of the translational lacZ-fusions

Gene Sequence

rmf 5-CGAATTCCGTATGTTGCCTGAG-3’
5'- GTGGATCCTGTGCCCGTTC-3'

raiA 5'-ATAATCGGATCCCGTTTGGTCCGTATT-3’
5'-ACCAGAGGATCCTTAGGTGTATTGAT-3'

sra 5-ATGGATTGGAATTCTTGCTCT-3'
5-GGTTGGATCCTTTACTACGCT-3’

ettA 5 -TTTTGAATTCTACTGCGAGGGTGAT-3’
5-CGGGATCCAGGAAGTAACGGT-3'

rsfS 5'-ATATTGAATTCGTCAGCCATCAGGGTGTA-3’

5-TTGGGATCCACGTCTAAGGCGATG-3'

mental data, presented as mean values of 3—5 independent
experiments + standard deviation (Mean + SD).

Results

Polyamines are known to be able to regulate the gene ex-
pression. Genes, the expression of which is upregulated by
polyamines at the translational level, are structured into the
polyamine modulon. There are several mechanisms by which
polyamines are able to modulate gene expression at the trans-
lational level, and, accordingly, specific features in the mRNA
structure of such genes. Currently, there are data that mostly
indicate the involvement of polyamines in the regulation of
gene expression at the level of translational initiation. Firstly,
these metabolites contribute to the initiation of the translation
of genes, the mRNA structure of which contains the minor
(ineffective) start codon. Secondly, polyamines stimulate the
initiation of translation of genes, the mRNA structure of which
has an unusually long distance between the Shine—Dalgarno
sequence and the start codon. By introducing a bend in the
mRNA at this region, polyamines are able to reduce this dis-
tance (Igarashi, Kashiwagi, 2006, 2018). Thirdly, polyamines
are able to relax secondary structures such as “bulged-out”
regions, which, being located between the Shine—Dalgarno
sequence and the start codon, prevent the initiation of transla-
tion (Lightfoot, Hall, 2014).
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Fig. 1. Models of mRNA secondary structures of the raiA (a) and sra (b) genes obtained using the RNAfold program (Lorenz et al., 2011).
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Fig. 2. The influence of polyamine additions — putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentrations on the expression of

the rmf gene at the translational level.

Here and elsewhere: gray curves - optical density, black curves — gene expression. ODgq — optical density at 600 nm.

We have analyzed the mRNA structures of the rmf, raid,
sra, ettd, rsfS genes for the presence of the specific features
of polyamine modulon genes using the GenBank and EcoCyc
databases (Keseler et al., 2021) and published data, as well
as the obtained models of mRNA secondary structures using
the RNAfold program (Lorenz et al., 2011). According to
published data, the rmf mRNA is characterized by an unusu-
ally long distance between the Shine-Dalgarno sequence and
the start codon and the presence of a bulged-out structure in
this region (Sakamoto et al., 2020). However, there is no in-
formation in the literature on the effect of polyamines on the
expression of the remaining genes. According to the mRNA
sequence of the genes, etf4 mRNA and rsfS mRNA contain
minor start codons GUG and UUG, respectively. The obtained
models of mRNA secondary structures showed that for two
genes, raid and sra, the bulged-out structure can occur in the
region of interest with a high probability (Fig. 1). The model of
the raiA mRNA secondary structure demonstrates the presence
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of a bulged-out structure at a distance of 3 nucleotides from
the start codon. According to the model obtained for the sra
mRNA secondary structure, the bulged-out region comprises
a part of the Shine—Dalgarno sequence. Thus, the studied genes
have properties specific for polyamine modulon.

Using obtained strains harboring /acZ-fusions, we studied
the effects of polyamine additions at different concentrations —
putrescine, cadaverine, and spermidine — on the expression
of the rmf, raid, sra, ett4, and rsfS genes at the translational
level. The obtained results demonstrate that rmf'gene expres-
sion is significantly stimulated by the addition of putrescine
at 2 mM and cadaverine at | mM (Fig. 2). The maximal
stimulatory effect is observed at 48 h of cultivation, when
the bacterial cells are at the stationary phase. In contrast,
spermidine inhibits rmf expression in proportion to the con-
centration of the supplement. Native rmf gene expression
without additions remains at a consistently high level during
the stationary phase.
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Fig. 3. The influence of polyamine additions — putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentra-

tions on the expression of the raiA gene at the translational level.
ODgq( - optical density at 600 nm.

According to the results obtained, the expression of the raid
gene is at a low level during exponential growth and increases
at the stationary phase (Fig. 3). Supplements of putrescine at
2 mM and cadaverine at 1 mM insignificantly increase the
expression of 7ai4 in the stationary phase, whereas spermidine
has no effect.

According to the obtained data, the expression of the sra
gene is also at a constantly high level at the stationary phase
(Fig. 4). The expression of sra is noticeably increased by the
addition of cadaverine at 1 mM and 2 mM. In this case, the
maximal effect is observed at the stationary phase (48 h of
cultivation). Additions of putrescine and spermidine have no
effect on the sra expression.

In contrast to the above-mentioned genes, the maximal
expression of the ett4 and rsfS genes is observed at the
exponential phase (Fig. 5). The highest expression for ett4
occurs at 4 h of cultivation, and for rsfS, at 1-3 h. Poly-
amine supplements have no effect on the expression of these
genes.

We have previously shown that the addition of 2 mM trypto-
phan at 0 h of cultivation is equivalently converted into indole
at 24 h. In this case, the indole content during 7 h was detected
to be at a low level, similar to the control, and increased dra-
matically at 24 h (Khaova et al., 2022), because the gene of
the tryptophanase TnaA, catalyzing the formation of indole
from tryptophan, is expressed in a RpoS-dependent manner
(Li, Young, 2013; Gaimster et al., 2014). Under these condi-
tions, we have previously studied the expression of a number
of genes responsible for adaptation of stress in E. coli at the
transcriptional level. The expression of only two genes, raid
and rmf, was elevated in response to an increase in indole
content (Khaova et al., 2022). In this regard, we investigated
the effect of indole on the expression of these genes at the
translational level under the same conditions (Fig. 6). The
results demonstrate that despite the stimulatory effect at the
transcriptional level, the expression of both of these genes at
the translational level dropped with the increase in the indole
content, starting from 24 h of observation.
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Fig. 4. The influence of polyamine additions — putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentrations
on the expression of the sra gene at the translational level.

ODgqq - optical density at 600 nm.

Discussion

The functions of ribosome hibernation factors are to reversibly
inhibit such a resource intensive process as translation under
starvation and other stresses. These factors are known be under
the control of master regulators (p)ppGpp, RpoS, CRP-cAMP
responsible for the adaption of bacteria to multiple stressors
at the stationary phase. Due to this, ribosome hibernation fac-
tors predominantly function at this period. However, during
exponential growth, these factors are also able to maintain
a base level of inactive ribosomes (Prossliner et al., 2018).
The results we obtained show that most expression of the rmf,
raiA and sra genes is observed exactly at the stationary phase
(Table 3). In contrast, the eft4 and rsfS genes demonstrate
the maximal expression during exponential growth. The ob-
tained results show that polyamines affect the expression of
the “stationary-phase genes” rmf, raid and sra, but not ettA
and 7sfS. In all cases, the stimulatory effect of polyamines is
observed at the stationary phase. Thus, polyamines are able to
induce the expression of genes responsible for the adaptation
to stress, and thereby contribute to the formation of an adaptive
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state of a bacterial cell for the stationary phase. Moreover, the
stimulatory effect is specific for the type of polyamine. The
expression of each gene we studied depends on certain poly-
amines. The gene expression was predominantly positively
modulated by putrescine and cadaverine.

Although indole stimulated the expression of the rmf and
raiA genes at the transcriptional level (Khaova et al., 2022),
the results obtained in this work show its significant inhibi-
tory effect at the translational level under the same conditions.
This may indicate the possibility of a post-transcriptional
mechanism for regulation of gene expression.

Conclusion

The analysis of the mRNA primary structure of the rmf, raiA,
sra, ettA, rsfS genes, encoding ribosome hibernation factors,
as well as the obtained models of mRNA secondary structures
showed that the studied genes have features of the polyamine
modulon. We constructed strains harboring the translational
lacZ-fusions and studied gene expression upon addition of the
polyamines putrescine, cadaverine, and spermidine at differ-
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Fig. 5. The influence of polyamine additions - putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentrations

on the expression of the ettA (a) and rsfS (b) genes at the translational level.
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Fig. 6. The influence of indole on the expression of the raiA (a) and rmf (b) genes at the translational level.

ent concentrations. These genes, with the exception of rmf,
were studied for the effect of polyamines on their expression
for the first time. The stimulatory effect of polyamines was
observed at the stationary phase and was specific to the type
of polyamine. Polyamines affected the expression of the rmf,

raid and sra genes, active at the stationary phase, but not e#t4
and 7:sfS, in which the highest expression was observed during
exponential growth. Moreover, it was found that indole in-
hibits the expression of the raid and rmf genes at the transla-
tional level, despite positive modulation at the transcriptional
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Table 3. Effects of polyamines on the expression of the rmf, raiA, sra, ettA, rsfS genes at the translational level

Parameter rmf raiA
Pt ............ Cd ........... Sd ........... Pt ........... Cd .......... Sd
. Eﬁect Of PA .................... + ............. + ............. _ ............. + ............ + ............ No .
Periodof maximal  Stationaryphase Stationary phase
expression
Features Bulged-outregion,  Bulged-outregion

of PA modulon unusually long distance
between SD and start

codon

Note.“+" - stimulating effect, “-" - inhibitory effect, “no” - no effect. PA — polyamine, Pt - putrescine, Cd - cadaverine, Sd - spermidine, SD - Shine-Dalgarno

sequence.

level, which may indicate the possibility of a post-transcrip-
tional regulation of the gene expression. The results obtained
open up prospects for further research in this direction.
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Expression of auxin transporter genes
in flax (Linum usitatissimum) fibers during gravity response
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Abstract. Gravitropism is an adaptive reaction of plants associated with the ability of various plant organs to be
located and to grow in a certain direction relative to the gravity vector, while usually the asymmetric distribution of
the phytohormone auxin is a necessary condition for the gravitropical bending of plant organs. Earlier, we described
significant morphological changes in phloem fibers with a thickened cell wall located on different sides of the stem in
the area of the gravitropic curvature. The present study is the first work devoted to the identification of genes encod-
ing auxin transporters in cells at different stages of development and during gravity response. In this study, the flax
genes encoding the AUX1/LAX, PIN-FORMED, PIN-LIKES, and ABCB auxin transporters were identified. A comparative
analysis of the expression of these genes in flax phloem fibers at different stages of development revealed increased
expression of some of these genes at the stage of intrusive growth (LusLAX2 (A, B), LuxPIN1-D, LusPILS7 (C, D)), at the
early stage of tertiary cell wall formation (LusAUXT (A, D), LusABCBT (A, B), LusABCB15-A, LusPINT (A, B), LusPIN4-A, and
LusPIN5-A), and at the late stage of tertiary cell wall development (LusLAX3 (A, B)). It was shown that in the course of
gravitropism, the expression of many genes, including those responsible for the influx of auxin in cells (LusAUX1-D), in
the studied families increased. Differential expression of auxin transporter genes was revealed during gravity response
in fibers located on different sides of the stem (upper (PUL) and lower (OPP)). The difference was observed due to the
expression of genes, the products of which are responsible for auxin intracellular transport (LusPILS3, LusPILS7-A) and
its efflux (LusABCB15-B, LusABCB19-B). It was noted that the increased expression of PIN genes and ABCB genes was
more typical of fibers on the opposite side. The results obtained allow us to make an assumption about the presence
of differential auxin content in the fibers of different sides of gravistimulated flax plants, which may be determined by
an uneven outflow of auxin. This study gives an idea of auxin carriers in flax and lays the foundation for further studies
of their functions in the development of phloem fiber and in gravity response.

Key words: flax; Linum usitatissimum L.; gravitropism; fiber; auxin transport; gene expression.

For citation: Ibragimova N.N., Mokshina N.E. Expression of auxin transporter genes in flax (Linum usitatissimum) fibers
during gravity response. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(1):
33-43.DOI 10.18699/VJGB-24-05

DKCIIpecCs r'eHOB TPaHCIIOPTEPOB aVKC/HA B BOJIOKHAX JIbHA
(Linum usitatissimum) Ipu TpaBUOTBETE

H.H. M6parumosa @, H.E. MokumHa

KasaHcKnin MHCTUTYT 6roxmummm 1 6uodrsnkmn — o6ocobnieHHoe CTPYKTypHoe noapasneneHne OeaepanbHOro NCCIeA0BaTENbCKOrO LEHTPa
«KasaHCKMI HayuHbI LieHTp Poccuniickon akagemun Hayk», KasaHb, Poccuna
® nibra@yandex.ru

AHHoTauuA. [paBNTPONM3M — alanTUBHaA peakLya pacTeHUi, CBA3aHHAA CO CMOCOBHOCTbIO OPraHOB pPacTeHWI pac-
nonaratbcA 1 pacTu B onpefeseHHOM Hanpas/ieHUN OTHOCUTESTbHO BEKTOPA CUIbl TAKeCTu. [pu 3ToM acummeTpury-
Hoe pacnpegeneHne GUTOropMOHa ayKCrHa CUUTAETCS HEOOXOAVMbBIM YCIIOBMEM /151 TPOMMYECKOTO M3rba opraHoB
pacTeHuA. PaHee HaMu OblI ONUCaHbI ApPKNe Mopdonornyeckre N3MeHeHUs GI03MHBIX BOTOKOH C YTOSLLEHHON Ke-
TOYHOW CTEHKOW, HAXOAALLMXCA HA Pa3HbIX CTOPOHAX 3pesiblX yUacTKoB cTebnA B 0611acTv rpaBUTPONMYECKOro 13rnba.
HacToAwee nccneposanmve - nepeas paboTa, NoceAlWeHHaa naeHTUdGMKaLny reHoB, KOAUPYLWMX NePEeHOCUMKI ayK-
CUHa B 3TUX KJIeTKax Ha pa3HbIX CTaAMAX PasBUTUA U NPY FpaBroTBeTe. B pacTeHnAX nbHa nAeHTUPLMPOBaHbI FeHbl
OCHOBHbIX NepeHocunkoB aykcumHa: AUX1/LAX, PIN-FORMED, PIN-LIKES n ABCB. CpaBHUTeNbHbIN aHaNM3 3KCnpeccum
3TUX reHOB BO (JIO3IMHbIX BOJIOKHAX JIbHA, HAXOAALMXCA Ha Pa3HbIX CTaAUAX Pa3BUTUA, BbIAB MOBbILEHHYIO JKC-
npeccuio HEKOTOPbIX FTEHOB Ha CTaAnu MHTPY3uBHoro pocta (LusLAX2 (A, B), LuxPINT-D, LusPILS7 (C, D)), Ha paHHew
cTagum GopmMmpoBaHMA TPETUYHON KeTouHow cTeHKkun (LusAUXT (A, D), LusABCBT (A, B), LusABCB15-A, LusPINT (A, B),
LusPIN4-A, LusPIN5-A) n Ha no3aHen cTagumn pa3BUTUA TPETUUYHOW KneTouyHown cTeHKu (LusLAX3 (A, B)). NokasaHo, uto
npwv rpaBUTPONM3Me MOBbILIANach SKCNPECCUA MHOTUX FEHOB MCCeAyeMblX CEMEeNCTB, B TOM UKC/e OTBEYaloLMX 3a
NpUTOK ayKcrHa B kneTkun (LusAUX1-D). BoiaBneHa anddepeHumnanbHana sKCNpeccmsa reHoB NepeHoCUMKoB ayKcmHa
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Expression of auxin transporter genes in flax
(Linum usitatissimum) fibers during gravity response

Npv rPaBUOTBETE B BOJIOKHAX, HAXOAALWMXCA Ha Pa3HbIX CTOpPOHax cTebns — BepxHel (PUL) n HuxHel (OPP): pas-
nnuvie HabMoAaNoCh 3a CYET IKCMPECCUM FeHOB, MPOAYKTbl KOTOPbIX OTBEYAIOT 338 BHYTPUK/IETOUHbIN TPAHCMOPT
(LusPILS3, LusPILS7-A) n OTTOK ayKCUHa 13 kneTtok (LusABCB15-B, LusABCB19-B). MNoBbllweHHasn skcnpeccra PIN-reHoB n
ABCB-reHoB 6blna 6onee TnuyHa ana BonokoH OPP-cTopoHbl ctebna. MonyuyeHHble pe3ynbTaTbl TO3BONAT CAeNaTb
npeanonoxeHve o Hannunn auddepeHUranbHOro CoaepKaHna ayKCMHa B BOMIOKHaX PasHbIX CTOPOH CcTebnA rpasu-
CTUMYIMPOBAHHbIX PacTEHWI NibHa, KOTOPOE, BO3MOXKHO, ONpeaenaeTca HepaBHOMEPHbIM OTTOKOM ayKcuHa. Vccne-
[loBaHVe faeT NpefcTaB/ieHre O NepeHOoCYKax ayKCMHa BO JibHE 1 3aKnafblBaeT OCHOBY ANA Aa/ibHENLLIEro n3yyeHuns
X GYHKLMIN B pa3BuTUM GJI0IMHOIO BOSIOKHA M NPWY rPaBroTBETe.

Kntouesble cnosa: neH; Linum usitatissimum L.; rpaBuTponm3m; BONIOKHO; TPAHCMOPT ayKCMHA; SKCMPECCUA reHoB.

Introduction

Plants are under the constant influence of abiotic and biotic
factors, including unfavorable ones. The activity and coordi-
nated action of auxin (indole-3-acetic acid, IAA) carriers in
plants underlie a flexible network that mobilizes IAA in re-
sponse to various environmental changes. This applies to plant
tropisms as well. Regardless of the mechanisms involved, the
activity of the phytohormone auxin is crucial for all tropisms,
including gravitropism (Harrison, Pickard, 1989; Evans, 1991;
Li et al., 1991; Rakusova et al., 2019). It has been shown
that inhibitors of IAA transport block the development of the
gravitropic reaction in plants (Li et al., 1991). The uneven
distribution of auxin due to the participation of protein carriers
during gravitropism is an important area of both fundamental
and applied research related to plant lodging.

The implementation of the gravity response is associated
with the formation of a gravitropic curvature. The formation of
such curvature in plants occurs with the participation of diffe-
rent mechanisms: in young, actively growing organs (seedling
roots, hypocotyles, coleoptiles), the bend is formed due to
different rates of cell elongation on the different sides of the
gravistimulated organ (Harrison, Pickard, 1989; Lietal., 1991;
Zhu etal., 2019). On the other hand, the gravitropic curvature
of mature stems, in addition to the above-mentioned mecha-
nism (which, apparently, continues in the plant growing tip) in
the parts of the stem that have ceased elongation, occurs due
to the probable “contractile” properties of the fibers (Ibragi-
mova etal., 2017). The mechanism of formation of gravitropic
curvature of mature stems also has its own characteristics in
plant species of different systematic groups: in angiosperm
woody plants, it is formed due to changes in cambial activi-
ty and the formation of a tertiary cell wall (TCW) in xylem
fibers on the upper side of the gravistimulated organ, leading
to the formation of tension wood (Haygreen, Bowyer, 1996;
Jourez etal., 2001). In mature gymnosperm stems, gravitropic
curvature is provided by the formation of compression wood,
which appears on the underside of the gravistimulated organ
(Timell, 1969). Finally, in mature annual stems of herbaceous
plants, including flax, gravitropic curvature is provided, as we
assume, by primary phloem fibers having a cell wall (or TCW),
while the formation of TCW is also observed in the xylem
fibers of the upper stem side (Ibragimova et al., 2017). If, in
the case of young organs, the role of auxin in the formation of
curvature is actively studied, information on the distribution
of TAA in mature organs is very limited and contradictory
(Hellgren et al., 2004; Gerttula et al., 2015).

Auxin is distributed in the plant body by two different
but interconnected transport systems: first, rapid flow in the

phloem together with photosynthetic assimilates; and second,
slow and directional polar transport of auxin from cell to cell
(Adamowski, Friml, 2015). While phloem transport provides
a general way of auxin delivery from its place of synthesis
to the recipient organs, polar transport distributes auxin in an
accurate manner, which is critical for the formation of local
auxin maxima and is one of the key elements in its function-
ing (Friml et al., 2002; Zazimalova et al., 2010; Adamowski,
Friml, 2015). Auxin carriers of the PIN family form the main
part of this system, controlling the direction and speed of
transport through a number of cells (Zazimalova et al., 2010).
As for possible changes in the expression of genes for the
PIN protein, the relevant data are currently limited to several
model species.

In addition to the PIN (PIN-FORMED) family, auxin
transport is carried out by other types of proteins: AUX1/LAX
(AUXIN-INSENSITIVE1/LIKE AUXT1), ABCB (subfamily
of ATP-binding cassette transporters), PILS (PIN-LIKES),
NRTI1.1 (nitrate transporter 1.1), and WAT1 (WALLS ARE
THIN1) (Manna et al., 2022). It is believed that at a low pH
of the apoplast, auxin becomes protonated and can penetrate
into the cell by diffusion. In certain types of cells, auxin can
be transported to the cytosol by protein carriers, members of
the AUX1/LAX family (Swarup, Péret, 2012). Inside the cell,
auxin becomes negatively charged, and consequently, carriers
are required to ensure its efflux, such as PIN and ABCB,
through the cell membrane into the apoplast (Zazimalova et
al., 2010). A less-characterized group of PILS transport pro-
teins is probably responsible for intracellular auxin transport
(Barbez et al., 2012).

In this study, the genes for the main auxin carrier proteins
(PIN, AUX1/LAX, ABCB, and PILS) were identified in the
flax genome. Their expression was evaluated using compara-
tive transcriptomic analysis of the phloem fibers, which were
sampled from control and gravistimulated flax plants. As a
model system, we selected flax phloem fibers at different
stages of development (with primary (PCW) and thickened
tertiary cell walls (TCW)), as well as phloem fibers from diffe-
rent sides of gravistimulated flax plants at a late stage of TCW
development. Flax phloem fibers are arranged along the stem
axis in the bundles, which simplifies their isolation at different
stages of development, separated in space and time (fibers
reach a finite length during intrusive growth, and then layers of
secondary and tertiary CW are sequentially deposited in cells
(Gorshkova et al., 2003)). All this makes it possible to conduct
diverse studies at the cell level. It was shown that during flax
gravistimulation, phloem fibers localized on different sides of
the stem (upper (PUL) and lower (OPP)) had morphological
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and structural biochemical changes (Ibragimova et al., 2017,
2020). Analysis of the expression of genes encoding the main
auxin carriers in isolated fibers will reveal the type of auxin
transport, which, as we assume, is activated in phloem fibers
during gravity response.

Materials and methods
Identification of auxin transporters. Using the Phytozome
database, protein sequences containing functional domains
(Pfam) PF01490, PF03547 and PF03547, PF00005, charac-
teristic of AUX1/LAX, PIN/PILS, and ABCB auxin trans-
porters, respectively, were identified. The identified genes
for auxin carriers in flax were named in accordance with the
orthologous sequence of Arabidopsis thaliana (thale cress);
the functions of the products of all identified genes are pre-
dicted since their annotation is based on homology to the
characterized genes of the thale cress. All sequences of the
analyzed genes are presented in an Supplementary Material'.

Gene expression level and phylogenetic analysis. To
evaluate gene expression, we used previously obtained tran-
scriptomic data for flax plants (rapid growth phase), which
are available in the FIBexDB database (https://ssl.cres-t.org/
fibex/flax/) (Mokshina et al., 2021). For analysis, phloem
fibers were taken at different stages of development: before
the formation of TCW (the stage of intrusive growth, iFIBa),
at the early stage of TCW formation (tFIBa), at the late stage
of TCW formation (tFIBD), as well as on different sides of the
stem (PUL —upper part of bending plants, and OPP — opposite
part) at the late stage of TCW formation during gravistimu-
lation. Gravistimulation was carried out by tilting the plants
(at the base) parallel to the soil (90 degrees). Gene expression
in fibers at the late stage of TCW formation was analyzed 8§,
24, and 96 hours after the plants were inclined. More than
two-fold changes are being discussed.

To build a phylogenetic tree, the Maximum Likelihood
method was used, the Le_Gascuel 2008 model (LG+G); Boot-
strap support 1000. It was performed in the MEGA7 program.

Results

The genes encoding the main families of auxin transporters
were identified: AUX1/LAX, responsible for the influx of
auxin into the cell (Swarup, Péret, 2012); PIN-FORMED and
ABCB, responsible mainly for the auxin outflow (Zazimalova
etal., 2010); PIN-LIKES (PILS), responsible for intracellular
auxin transport (Barbez et al., 2012); expression of the listed
genes was analyzed.

Identification and expression of LusPINs and LusPILS
In the flax genome, when searching in the Phytozome database
(https://phytozome-next.jgi.doe.gov/) according to the pre-
sence of the PF03547 membrane transporter domain, 34 genes
were found that correspond to 12 orthologs in Arabidopsis;
a total of 15 genes with PF03547 (8 — PIN, 7 — PILS) were
found in the Arabidopsis genome.

The sequence of the Lus/0020829 gene (AT2G01420,
PIN4) was corrected by us in the Augustus program (https://
bioinf.uni-greifswald.de/augustus/) and continued by the

1 Supplementary Material is available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx1.xIsx
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Lus10020830 sequence. The adjustment also took into account
the results of BLASTX Arabi/Clami/Rice, available in the
Phytozome database (JBrowse) (https://phytozome-next.jgi.
doe.gov/jbrowse/index.html). Similarly, six more sequences
were edited: Lus10009685 (AT1G73590, PIN1), Lus10002280
(AT1G71090, PILS2), Lus10018006 (AT1G73590, PIN1),
Lus10036000 (AT1G71090, PILS2; Lus100360001 was
excluded from analysis), Lus10042003 (AT1G73590, PIN1),
and Lus10016704 (AT1G71090, PILS2). The Lus10004059
sequence (AT1G71090, PILS2) included a fragment of 119 un-
identified amino acids (out of 443), which is probably due to
problems with initial sequencing and/or genome assembly.
Redundant domains were removed from the Lus10016688
sequence, after which the closest homologue to it was es-
tablished as PILS7 (AT5G65980). Not typical domains were
removed from the Lus10019229 sequence (AT1G20925,
PILS1), but it cannot be considered fully predicted since it
failed to establish the position of the start codon in silico. The
Lus10012680 sequence (AT2G01420, PIN4) was increased
from 231 to 517 amino acids. Sequences without predicted
transmembrane domains were excluded from the analysis.
When correcting the sequences, the integrity of some domains
was restored, and the number of transmembrane domains and
molecular weight approached the indicators characteristic of
the members of the analyzed family.

Thus, after bioinformatics analysis and correction, 27 se-
quences remained out of 34, annotated as PIN membrane trans-
porters, or PILS, which we used for further analysis (Table 1).

The molecular weight of these proteins varied from 33.5
to 75 kDa, the value of pl — from 5.3 to 9.6; the number of
transmembrane domains — from 5 to 10 (see Table 1).

To annotate the PIN/PILS genes, in addition to the BLAST
results, we performed a phylogenetic analysis of the amino
acid sequences of PIN/PILS in Arabidopsis and flax (Fig. 1).
The analyzed sequences were expected to be divided into two
clades: PIN and PILS. Several orthologs of the Arabidopsis
PIN corresponded to two paralog genes in the flax genome
(PIN2, 5, 8); four flax sequences were in the same group with
the A. thaliana PIN1, and two L. usitatissimum sequences
corresponded to the AtPIN3/4/7 group. Many PILS were also
duplicated (see Fig. 1).

The expression of the genes Lus/0001429 (LusPIN2-A),
Lus10001637 (LusPIN2-B), Lus10004287 (LusPILS1-A),
Lus10002280 (LusPILS2-A), and Lus10010303 (PILS-A) was
low (<16 TGR) and was not further analyzed. At different
stages of development and during gravistimulation, 22 PIN/
PILS were expressed in the fibers. According to the dynamics
of expression, several groups of genes can be distinguished.
Interestingly, three genes (LusPINI-D, LusPILS7-C, and D)
showed an increased level of expression in fibers only at
the stage of their elongation, while expression decreased in
mature fibers, and there were no differences in fibers during
gravistimulation (Fig. 2).

A group of genes was also revealed that had a pronounced
expression peak in fibers at an early stage of TCW formation
(tFIBa) (Fig. 3, LusPIN1-A, B, LusPIN4-A) or almost the same
level in fibers during elongation and formation of thickened
TCW (see Fig. 3, LusPINI-C, LusPIN4-B, LusPILS2-B). At
the same time, the expression of all these genes decreased in
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Expression of auxin transporter genes in flax
(Linum usitatissimum) fibers during gravity response

Table 1. List and some characteristics of LusPIN and LusPILS sequences

LUS Name AA

TMH_LUS

Note.The corrected sequences are highlighted in bold. * Incomplete sequences.

Hereinafter: LUS - Linum usitatissimum; AT — Arabidopsis thaliana; AA - number of amino acids; Mw — molecular weight, kDa; pl - isoelectric point; TMH — number

of transmembrane domains.

mature fibers and was activated again during gravistimulation,
especially in OPP samples. The peak of expression during
gravistimulation occurred at 24 hours, then expression de-
creased and was close to the minimum values characteristic
of control tFIBb samples.

The expression of some genes did not change significantly
in all samples (LusPILS2-C, and D) or was increased in fibers
at an early stage of TCW formation (tFIBa) (LusPIN5-B,
LusPILS1-C, D, LusPILS6-A, B, and LusPILS7-B), but did
not differ significantly in fibers during gravistimulation (data
not shown). Figure 4 shows the gene expression, the maxi-

mum value of which was observed during gravistimulation.
LusPIN5-A had a maximum expression level in PUL fibers at
96 hours after gravistimulation. LusP/LS3 had an increased
expression level in OPP samples after 8 hours, while the peak
of expression was also observed in PUL samples, but only
24 hours after the beginning of gravistimulation (see Fig. 4).

Three of the 22 genes showed an increased level of ex-
pression only during gravistimulation, and especially in PUL
samples after 24 hours (LusPINS-B), or 8 hours from the
beginning of gravistimulation (LusPILSI1-B, LusPILS7-A).
The expression of LusPINS-B decreased in PUL samples
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Fig. 1. Phylogenetic tree for amino acid sequences PF03547 in A. thaliana
and L. usitatissimum.

Maximum Likelihood method, model Le_Gascuel_2008 (LG+G). Bootstrap
support 1000. Performed in the MEGA 7 program. The red marker indicates
the sequences of A. thaliana.
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after 96 hours, but at the same time increased in OPP (Fig. 5).
The most contrasting expression between PUL and OPP was
demonstrated for LusPILS7-A, which was almost leveled
after 96 hours.

Identification and expression of LusAUX1/LAX

Auxin influx carriers LusAUX1/LAX have a conservative
PF01490 domain (Transmembrane amino acid transporter
protein). In 4. thaliana, the AUX1/LAX family is represented
by four highly conserved genes called AUX1, LAX1, LAX2, and
LAX3, which encode proteins similar to amino acid carriers
(Young et al., 1999). In total, 82 genes of flax with PF01490
are represented in the Phytozome database. Of these, eight
encode auxin transporters and correspond to three 4. thaliana
orthologous genes (AUX1, AUX2, and LAX3). All genes in
this group encoded proteins close in molecular weight and
isoelectric point; 10 transmembrane domains were predicted
for all proteins (Table 2).

The genes encoding LusLAX2 (A and B) were highly
expressed in intrusively growing fibers (iFIBa), while their
expression dropped sharply in the fibers forming TCW and
remained low during gravistimulation (Fig. 6).

The expression dynamics of LusLAX3 (4 and B) were
absolutely different from LusLAX2, while the expression
dynamics between the two paralogs were identical, as in the
case of LusLAX2. LusLAX3 had the maximum expression level
in the fibers forming TCW at a late stage (tFIBb). During the
gravity response, the expression level of these genes dropped
sharply (Fig. 7).

LusAUXI genes had a relatively high level of expression
in all samples, while four paralogs showed a clear division
into two groups according to the expression patterns: with the
maximum level in the fibers forming TCW (tFIBa, LusAUX1-
A, and D), and with the maximum level of expression in the
fibers of gravistimulated plants (OPP, 24 hours) (LusAUX1-B,

and C) (Fig. 8).

Identification and expression of LusABCB

According to the Phytozome database, 206 ABC transporter
genes are present in the flax genome, of which 32 genes belong
to group B. To analyze the expression, we selected orthologs of
the listed 4. thaliana genes in flax. 25 genes corresponding to
5 Arabidopsis orthologs were identified: ABCBI (2 flax genes),
ABCB4 (4 flax genes), ABCB15 (9 flax genes), ABCB19
(8 flax genes), and ABCB20 (2 flax genes). The Lus10011977
sequence was partially corrected, and Lus/0036616 and
Lus10036617 were combined into one sequence (Table 3).
Of the 24 genes, 4 (ABCB4 and 3 isoforms of ABCB15) had
a low level of expression or were not expressed.

The remaining 21 genes had different levels and patterns
of expression. Thus, LusABCB20 (A and B) had a high level
of expression in growing fibers, and at an early stage of TCW
formation, in mature fibers, their expression decreased and
almost did not change during gravistimulation. Two of the four
isoforms of LusABCB4 had a maximum expression level in
growing fibers, while the expression level itself was low, and
the third isoform had a peak expression in fibers at an early
stage of the formation of TCW. The most diverse expression
patterns were characteristic of LusABCB19, which also had
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E. Mokshina (Linum usitatissimum) fibers during gravity response
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Fig. 2. Expression of LusPIN/PILS with an increased level of expression only in intrusively growing fibers.

Here and in Fig. 3-9: iFIBa - intrusively growing fibers; tFIBa — the early stage of tertiary cell wall (TCW) formation; tFIBb - the late stage of TCW formation.
8, 24, 96 hours - the time of fixation of the samples after the stem inclination; TGR - total gene reads; PUL - pulling side; OPP - opposite to the PUL-side. Without
dividing - the plants were not subjected to gravistimulation, and the stem was not divided into PUL and OPP.
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Fig. 3. Expression of LusPINT-A, B, C, LusPIN4-A, B, LusPILS2-B in flax fibers under normal conditions and in gravity response.
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Fig. 4. Expression of LusPIN5-A and LusPILS3 in flax fibers under normal conditions and in gravity response.
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Fig. 5. Expression of LusPIN8-B, LusPILS1-B, LusPILS7-A in flax fibers under normal conditions and in gravity response.

38 BaBunoBckuii xXypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 1



1000

H.H. Vi6parumosa JKCMpeccus reHoB TPAHCMOPTEPOB ayKCVHa B BOMIOKHAX JIbHa 2024

H.E. MokwwnHa (Linum usitatissimum) npu rpaBnoTBeTe 28+1

Table 2. List and some characteristics of LusAUX1/LAX sequences
LUS AT LUS Name AA Mw, kDa pl TMH_LUS
Lus10028278 AT2G38120 AUX1-A 628 70.0 7.2 10
Lus10002498 AT2G38120 AUX1-B 497 55.7 8.7 10
Lus10004831 AT2G38120 AUX1-C 487 54.7 8.7 10
Lus10040212 AT2G38120 AUX1-D 486 54.7 8.9 10
Lus10025057 AT2G21050 LAX2-A 497 55.6 8.5 10
Lus10034488 AT2G21050 LAX2-B 497 55.5 8.6 10
Lus10028078 AT1G77690 LAX3-A 477 53.7 8.7 10
Lus10025628 AT1G77690 LAX3-B 478 53.8 8.6 10
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Fig. 6. Expression of LusLAX2-A, B in fibers under normal conditions and in gravity re-

sponse.
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Fig. 7. Expression of LusLAX3-A, and Bin flax fibers under
normal conditions and in gravity response.
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Fig. 8. Expression of LusAUX1-A, B, C, D in flax fibers under normal conditions and in gravity response.

the largest number of expressed isoforms (8 genes) (data are
not provided).

We selected LusABCB as having the maximum difference
in expression between PUL and OPP samples. Among the
6 genes, 4 genes had increased expression in the fibers forming
TCW, the expression of these genes decreased in more mature
fibers but increased in the fibers of gravistimulated plants,
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especially in OPP samples (significantly for ABCB15-B and
ABCBI19-B) (Fig. 9). A low level of expression was observed
for LusABCB15-B, but the gene was specifically activated
during gravistimulation and was practically not expressed
in other samples. The expression of this gene is almost five
times higher in OPP-side fibers compared to PUL (8, 24 hours)
(see Fig. 9).
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Table 3. List and some characteristics of LusABCB sequences

Expression of auxin transporter genes in flax
(Linum usitatissimum) fibers during gravity response

LUS AT LUS Name
Lus10024162 ................... A-|-36283 45 ...................... ABCB15E ..................
Lus1oo33470 ................... AT3628860 ...................... ABCB19F ..................
Lus1oo14427 ................... ATZG369 10 ...................... ABCB1A ....................
Lus1oo15595 ................... AT3G28860 ...................... ABCBWG ..................
Lus10041565 ................... AT36283 45 ...................... ABCBwB ..................
Lus10035834 ................... A-|-3628345 ...................... ABCB15H ..................
Lus1oo30674 ................... AT3628860 ...................... ABCB193 ..................
Lus10005249 ................... AT3628860 ...................... ABCBWA ..................
Lus10012959 ................... AT36283 45 ...................... ABCB15D ..................
Lus1oo329” ................... AT3G28860 ...................... ABCBWH ..................
Lus10023437 ................... A-|-3655320 ...................... ABCBZOA ..................
Lus10023929 ................... ATZG369 10 ...................... ABCB1B ....................
Lus1oo11977* ................. ATZGMOOO ...................... ABCB4D ....................
Lus10038050 ................... AT2G47000 ...................... ABCB4B ....................
Lu510013178* ................. AT3G28860 ...................... ABCBwD ..................
Lus10039533 ................... A-|-36283 45 ...................... ABCB15F ..................
Lus10008139 ................... A-|-3628860 ...................... ABCB19C ..................
Lus1oo40315 ................... AT3655320 ...................... ABCBZOB ..................
Lus10036616/17 ............. AT3G283 45 ...................... ABCBwG ..................
Lu510039458 ................... AT36283 45 ...................... ABCB15A ..................
Lus10009989 ................... ATZG47000 ...................... ABCB4C ....................
Lus10020905 ................... A-|-3628860 ...................... ABCB19E ..................
Lus10005839 ................... AT36283 45 ...................... ABCB15C ..................
Lus10004520* ................. ATZG47000 ...................... ABCB4A ....................

*The sequence may be incorrect.

Discussion

The action of auxin as a switch is closely related to the pres-
ence of local maximums and minimums formed in tissues
(Adamowski, Friml, 2015). They are created, maintained,
and modulated by intercellular auxin transfer, a plant-specific
process. This process, called polar auxin transport, depends
on the action of representatives of at least three auxin carrier
families: PIN-FORMED, AUX1/LAX, and ABCB (Geisler
etal., 2017).

In this study, the main auxin carrier genes were identified
in flax plants: 12 LusPINs, 15 LusPILS, 8 LusAUX1/LAX,
and 24 LusABCB. A comparative analysis of the expression
of these genes in flax phloem fibers at different stages of de-
velopment revealed increased expression of some of them at
the stage of intrusive growth (LusLAX2 (A, B), LuxPINI-D,
LusPILS7 (C, D)), at the early stage of TCW formation
(LusAUX1 (4, D), LusABCB1-A, B, LusABCB15-A, LusPIN1-

AA Mw, kDa pl TMH_LUS
1246 ...................... 1 357 .................... 859 .......................
15” ...................... 1 648 .................... 8812 .......................
1210 ...................... 1 321 .................... 889 .......................
]268 ...................... 1 39270” .......................
1244 ...................... 1 3527810 .......................
1287 ...................... 1 398 .................... 897 .......................
1254 ...................... 1 366 .................... 808 .......................
1254 ...................... 1 365 .................... 808 .......................
1237 ...................... 1 354 .................... 869 .......................
1269 ...................... 1 389729 .......................
1406 ...................... 1 554 .................... 6312 .......................
1338 ...................... 1 4597312 .......................
1072 ...................... 1 174 .................... 832 .......................
1216 ...................... 1 311 .................... 849 .......................
...... 243226646710
1250 ...................... 1 364 .................... 829 .......................
1249 ...................... 1 36174” .......................
1395 ...................... 1 541 .................... 6412 .......................
1267 ...................... 1 378 .................... 899 .......................
1270 ...................... ] 377 .................... 809 .......................
1272 ...................... 1 369779 .......................
1504 ...................... 1 636 .................... 8812 .......................
1261 ...................... 1 368 .................... 8310 .......................
826892 .................... 827 .......................

A, B, LusPIN4-A, LusPIN5-A), and at the late stage of TCW
formation (LusLAX3 (A4, B)).

As known, all auxin transporters can be simplistically
divided into three groups: responsible for the influx of auxin
into the cell, outflow from the cell and intracellular transport.
Two types of carriers participate in the outflow of auxin from
the cell: PIN proteins and ABCB carriers (Zazimalova et al.,
2010). PIN protein classification is usually based on phyloge-
netic relationships, subcellular localization, and the length of
hydrophilic loop domains. From this point of view, members
ofthe PIN protein family are usually grouped into three types:
(1) canonical (PIN1, 2, 3, 4 and 7 — for 4. thaliana), localized
on the plasmalemma (PM), which mediate the intercellular
flow of auxin; (2) non-canonical (PIN5 and 8 — for 4. thalia-
na), which are localized on the EPR membrane and mediate
auxin exchange between the cytosol and the EPR, contributing
to intracellular auxin homeostasis; and (3) double, PM- and
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Fig. 9. Expression of some LusABCB1, 15, and 79 gene isoforms in fibers under normal conditions and in gravity response.

EPR-localized, PINs, such as PING in 4. thaliana, with unclear
function (Zhang et al., 2020). According to the results obtained
in this study, the following trend was observed for PIN car-
riers: the genes of canonical LusPINs were highly expressed in
fibers at the early stage of TCW formation (see Fig. 3) and in
fibers of gravistimulated plants, and their increased expression
was observed in OPP samples (see Fig. 3), while increased
expression of non-canonical PIN genes was observed in PUL
samples (see Fig. 4, 5), which gives us the opportunity to
assume a redistribution of auxin content in fibers on diffe-
rent stem sides during graviresponse. In confirmation of this
assumption, a similar trend was also revealed in relation to
ABCB carriers (see Fig. 9): a higher expression of LusABC1,
15, and /9 in OPP samples was shown. ABCB transporters
carry out transport due to the direct binding of ATP and the
energy that is released during ATP hydrolysis and can func-
tion when chemiosmotic gradients decrease or when auxin
must move against the gradient (Zazimalova et al., 2010).
Arabidopsis contains 21 full-sized ABCB genes (Kang et al.,
2011), but only for four isoforms (ABCB1, ABCB4, ABCB19,
and ABCB21) reliable data concerning auxin transport were
obtained; for ABCB1 and ABCB19, data on coordinated
action under gravitropism have been demonstrated (Geisler
et al., 2017). It has also recently been shown that the pairs
ABCB1/19 and ABCB6/20 represent the main ABCB auxin
carriers over long distances through the vascular system in
Arabidopsis (Jenness et al., 2022). There is an assumption
that ABCB14 and ABCB15 are involved in auxin transport
during stem lignification (Kaneda et al., 2011). It should be
noted that the expression of genes for the ABCB transporter
in Arabidopsis seedlings was studied in the roots, hypocotyl,
and apex of the shoot (Geisler et al., 2017). It was assumed that
ABCBs can play the role of the main auxin carriers: they are
uniformly localized on PM, are usually found in various plant
species, and persist stably regardless of internal and external
signals. On the contrary, PINs are asymmetrically localized
and dynamically distributed in response to endogenous and
exogenous signals (Cho M., Cho H.T., 2013).

It should be noted that in this study, two paralogs homolo-
gous to the AtPIN3/4/7 clade were identified (see Fig. 1),
which we annotated by the closest homologue as LusPIN4
(A and B). PIN3 is known to provide lateral auxin transport
(Friml et al., 2002; Rakusova et al., 2019); high expression of
PIN3 is shown in mature rami fibers with a thickened TCW
(Bao et al., 2019), and during tension wood formation (Gert-
tula et al., 2015). In this study, the LusPIN4 genes (4 and B)
significantly increased expression during gravistimulation
(24 hours) (see Fig. 3), but expression in the fibers of OPP
samples was slightly higher compared to PUL samples.
A similar trend was shown for gene expression and membrane
localization of AtPIN3 and AtPIN4 during the hypocotyl api-
cal hook formation, where pulling and opposite sides are also
observed. The authors suggested that an increase in the content
of PIN3 and PIN4 in the cell membrane on the opposite side
is a decisive factor for the local auxin maximum formation
(Zhu et al., 2019). It should be noted that we investigated the
part of the stem of mature plants where the fibers do not grow
by elongation, where the second (located below) curvature is
formed. We have previously shown that when the upper part
ofthe stem is removed (where the upper curvature is formed),
plants implement the gravitropic reaction no less successfully
(Ibragimova et al., 2017).

In the current work, it was shown that AUX1/LAX genes
responsible for auxin influx into the cell increased expres-
sion during gravireaction to the level of expression in fibers
at an early stage of TCW formation (Lus4AUXI-D for PUL),
but there was no significant difference between OPP and
PUL (see Fig. 8). However, a very interesting fact is that
the highly expressed genes Lus/0028078 and Lus10025628
(AT1G77690 — LAX3) had a single maximum in the control
samples at the late stage of TCW formation (see Fig. 7).
These data are consistent with the high expression of similar
genes observed in mature rami fibers (Bao et al., 2019). With
gravity response, the expression of these genes decreased and
increased slightly towards the end of the reaction, approach-
ing the values in the phase of the beginning of the formation
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of TCW (see Fig. 7). For LAX2, another effect was observed:
the maximum expression in the fibers occurred in the phase
of intrusive growth, but, as for LAX3 and AUX1, with gravity
response, the expression values were again close to values
at the early stage of TCW formation (significantly for the
LusLAX2-A gene on the PUL side) (see Fig. 6).

The results of our study show that the increased expres-
sion of LusPILS in fibers quite often occurred during gravity
response, both in the fibers of the PUL and OPP sides (see
Fig. 4, 5), which suggests the presence of a relationship
between gravity reaction and intracellular redistribution of
auxin in general. At the same time, in some cases, a significant
difference was observed in the fibers on different sides of the
stem (LusPILS3 and LusPILS7-A) (see Fig. 4, 5). It should
be noted that in LusPILS7-C and D, high expression was ob-
served only at the stage of intrusive fiber growth (see Fig. 2).
PILS transporters have been identified in silico as a putative
family of auxin transport mediators; it has been shown that
PILS, including PILS3 and PILS7, regulate the accumula-
tion of auxin in the cell by retaining the added auxin (Barbez
et al., 2012), which may also occur in the case of gravisti-
mulation.

Thus, it was shown that during the gravitropic reaction, the
genes encoding transporters responsible for auxin outflow
from the cell (PIN and ABCB) and intracellular transport re-
sponsible for auxin homeostasis (non-canonical PINS, PINS
and PILS) were most significantly expressed. The expression
level of these genes often approached the values that were
characteristic of the stage at the beginning of TCW forma-
tion, when biosynthetic processes proceeded more intensively
compared to those in mature fibers. It was shown that the
expression of transporter genes responsible for the influx of
auxin into cells (LusAUXI-D) also increased during gravi-
tropism. The differential expression of the genes of the IAA
carriers in the fibers located on different sides of the stem was
revealed: the difference was observed due to the expression
of genes, the products of which are responsible for intracel-
lular transport (LusPILS3, LusPILS7-A) and auxin outflow
(LusABCB15-B, LusABCB19-B). Increased expression of PIN
genes and ABCB genes was more typical for the fibers of the
OPP side of the stem.

Conclusion

In this study, the main auxin carrier genes were identified
in flax plants: 8 LusAUX1/LAX, 12 LusPIN-FORMED,
15 LusPIN-LIKES, and 24 LusABCB. The differential ex-
pression of the genes of the IAA transporters at different
stages of development and in the fibers located on different
stem sides during gravity response was revealed. We assume
that the realization of this reaction may be associated with
an asymmetric redistribution of auxin, mainly due to auxin
intracellular transporters and transporters responsible for its
outflow from the cell, an increase in the gene expression of
which we observed during gravireaction. Further studies are
required to clarify the mechanisms of auxin’s participation in
the implementation of a gravity response not associated with
growth by elongation, along with the participation of other
hormones in it.

Expression of auxin transporter genes in flax
(Linum usitatissimum) fibers during gravity response

References

Adamowski M., Friml J. PIN-dependent auxin transport: action, regu-
lation, and evolution. Plant Cell. 2015;27(1):20-32. DOI 10.1105/
tpc.114.134874

Bao Y., Huang X., Rehman M., Wang Y., Wang B., Peng D. Identifica-
tion and expression analysis of the PIN and AUX/LAX gene fami-
lies in ramie (Boehmeria nivea L. Gaud). Agronomy. 2019;9:435.
DOI 10.3390/agronomy9080435

Barbez E., Kubes M., Rolcik J., Béziat C., Pencik A., Wang B., Ros-
quete M.R., Zhu J., Dobrev P.I., Lee Y., Zazimalova E., Petrasek J.,
Geisler M., Friml J., Kleine-Vehnet J. A novel putative auxin carrier
family regulates intracellular auxin homeostasis in plants. Nature.
2012;485(7396):119-122. DOI 10.1038/nature11001

Cho M., Cho H.T. The function of ABCB transporters in auxin transport.
Plant Signal. Behav. 2013;8(2):¢22990. DOI 10.4161/psb.22990

Evans M.L. Gravitropism: interaction of sensitivity modulation and ef-
fector redistribution. Plant Physiol. 1991;95(1):1-5. DOI 10.1104/
pp-95.1.1

Friml J., Wisniewska J., Benkova E., Mendgen K., Palme K. Lateral
relocation of auxin efflux regulator PIN3 mediates tropism in Ara-
bidopsis. Nature. 2002;415(6873):806-809. DOI 10.1038/415806a

Geisler M., Aryal B., Donato M., Hao P.A. Critical view on ABC trans-
porters and their interacting partners in auxin transport. Plant Cell
Physiol. 2017;58(10):1601-1614. DOI 10.1093/pcp/pcx104

Gerttula S., Zinkgraf M., Muday G., Lewis D., Ibatullin F., Brumer H.,
Hart F., Mansfield S., Filkov V., Groovera A. Transcriptional and
hormonal regulation of gravitropism of woody stems in Populus.
Plant Cell. 2015;27(10):2800-2813. DOI 10.1105/tpc.15.00531

Gorshkova T.A., Sal’nikov V.V., Chemikosova S.B., Ageeva M.V., Pav-
lencheva N.V. The snap point: a transition point in Linum usitatissi-
mum bast fiber development. Ind. Crops Prod. 2003;18(3):213-221.
DOI 10.1016/S0926-6690(03)00043-8

Harrison M.A., Pickard B.G. Auxin asymmetry during gravitropism
by tomato hypocotyls. Plant Physiol. 1989;89(2):652-657. DOI
10.1104/pp.89.2.652

Haygreen J.G., Bowyer J.L. Forest Products and Wood Science. Wiley-
Blackwell, 1996

Hellgren J.M., Olofsson K., Sundberg B. Patterns of auxin distribution
during gravitational induction of reaction wood in poplar and pine.
Plant Physiol. 2004;135(1):212-220. DOI 10.1104/pp.104.038927

Ibragimova N.N., Ageeva M. V., Gorshkova T.A. Development of gra-
vitropic response: unusual behavior of flax phloem G-fibers. Pro-
toplasma. 2017;254(2):749-762. DOI 10.1007/s00709-016-0985-8

Ibragimova N., Mokshina N., Ageeva M., Gurjanov O., Mikshina P.
Rearrangement of the cellulose-enriched cell wall in flax phloem
fibers over the course of the gravitropic reaction. /nt. J. Mol. Sci.
2020;21(15):5322. DOI 10.3390/ijms21155322

Jenness M.K., Tayengwa R., Bate G.A., Tapken W., Zhang Y., Pang C.,
Murphy A.S. Loss of multiple ABCB auxin transporters recapitu-
lates the major twisted dwarf 1 phenotypes in Arabidopsis thaliana.
Front. Plant Sci. 2022;13:840260. DOI 10.3389/fpls.2022.840260

Jourez B., Riboux A., Leclercq A. Anatomical characteristics of tension
wood and opposite wood in young inclined stems of poplar (Popu-
lus euramericana cv ‘Ghoy’). IAWA J. 2001;22(2):133-157. DOI
10.1163/22941932-90000274

Kaneda M., Schuetz M., Lin B.S., Chanis C., Hamberger B., Wes-
tern T.L., Ehlting J., Samuelset A.L. ABC transporters coordinately
expressed during lignifications of Arabidopsis stems include a set
of ABCBs associated with auxin transport. J. Exp. Bot. 2011;62(6):
2063-2077. DOI 10.1093/jxb/erq416

Kang J., Park J., Choi H., Burla B., Kretzschmar T., Lee Y., Marti-
noia E. Plant ABC transporters. Arabidopsis Book. 2011;9:e0153.
DOI 10.1199/tab.0153

Li Y., Hagen G., Guilfoyle T.J. An auxin-responsive promoter is dif-
ferentially induces by auxin gradients during tropisms. Plant Cell.
1991;3(11):1167-1175. DOI 10.1105/tpe.3.11.1167

42 BaBunoBckuii xXypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 1


https://doi.org/10.1104/pp.104.038927

H.H. Vi6parumosa
H.E. MokwnHa

Manna M., Rengasamy B., Ambasht N.K., Sinha A.K. Characterization
and expression profiling of PIN auxin efflux transporters reveal their
role in developmental and abiotic stress conditions in rice. Front.
Plant Sci. 2022;13:1059559. DOI 10.3389/fpls.2022.1059559

Mokshina N., Gorshkov O., Takasaki H., Onodera H., Sakamoto S.,
Gorshkova T., Mitsuda N. FIBexDB: a new online transcriptome
platform to analyze development of plant cellulosic fibers. New Phy-
tol. 2021;231(2):512-515. DOI 10.1111/nph.17405

Rakusova H., Han H., ValoSek P., Friml J. Genetic screen for factors
mediating PIN polarization in gravistimulated Arabidopsis thaliana
hypocotyls. Plant J. 2019;98(6):1048-1059. DOI 10.1111/tp;j.14301

Swarup R., Péret B. AUX/LAX family of auxin influx carriers —an over-
view. Front. Plant Sci. 2012;3:225. DOI 10.3389/fpls.2012.00225

Timell T.E. The chemical composition of tension wood. Svensk Pap-
perstidning. 1969;72:173-181

ORCID
N.E. Mokshina orcid.org/0000-0002-6434-7404

2024
281

JKCMpeccus reHoB TPAHCMOPTEPOB ayKCVHa B BOMIOKHAX JIbHa
(Linum usitatissimum) npu rpaBnoTeeTe

Young G.B., Jack D.L., Smith D.W., Saier M.H., Jr. The amino acid/
auxin:proton symport permease family. Biochim. Biophys. Acta.
1999;1415(2):306-322. DOI 10.1016/s0005-2736(98)00196-5

Zazimalova E., Murphy A.S., Yang H., Hoyerova K., Hosek P. Auxin
transporters — why so many? Cold Spring Harb. Perspect. Biol.
2010;2(3):a001552. DOI 10.1101/cshperspect.a001552

Zhang Y., Hartinger C., Wang X., Friml J. Directional auxin fluxes in
plants by intramolecular domain-domain coevolution of PIN auxin
transporters. New Phytol. 2020;227(5):1406-1416. DOI 10.1111/
nph.16629

Zhu Q., Gallemi M., Pospisil J., Zadnikova P., Strnad M., Benkové E.
Root gravity response module guides differential growth deter-
mining both root bending and apical hook formation in Arabi-
dopsis. Development. 2019;146(17):dev175919. DOI 10.1242/dev.
175919.

Acknowledgements. The work was carried out with the financial support of the RSF grant No. 23-24-00612.

Conflict of interest. The authors declare no conflict of interest.

Received July 26, 2023. Revised November 15, 2023. Accepted November 16, 2023.

MATEPUAJIbl KOHOEPEHLIUU «YCTONYNUBOCTb PACTEHU U MUKPOOPTAHU3MOB K HEBJIATOMPUATHBIM ®AKTOPAM CPE[Ibl» / 43
PROCEEDINGS OF THE CONFERENCE “RESISTANCE OF PLANTS AND MICROORGANISMS TO ADVERSE ENVIRONMENTAL FACTORS”



PROCEEDINGS OF THE CONFERENCE “RESISTANCE OF PLANTS BaBUNoBCKui XypHan reHeTrKkm n cenexkunu. 2024;28(1):44-54
AND MICROORGANISMS TO ADVERSE ENVIRONMENTAL FACTORS” DOI 10.18699/vjgb-24-06

Original article

Original Russian text https://vavilovj-icg.ru/

Ascorbate-glutathione cycle in wheat and rice seedlings
under anoxia and subsequent reaeration
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Abstract. The most important part of the plant antioxidant system is the ascorbate-glutathione cycle (AGC), the acti-
vity of which is observed upon exposure to a range of stressors, including lack of O,, and oxidative stress occurring
immediately after the restoration of oxygen access, hereafter termed reaeration or post-anoxia. The operation of the
AGC (enzymes and low-molecular components) in wheat (Triticum aestivum, cv. Leningradka, non-resistant to hypoxia)
and rice (Oryza sativa, cv. Liman, resistant) seedlings after 24 h anoxia and 1 h or 24 h reaeration was studied. Significant
accumulation of oxidized forms of ascorbate and glutathione was revealed in the non-resistant plant (wheat) after 24 h
of anoxia and reaeration, indicating the development of oxidative stress. In the resistant plant (rice), reduced forms of
these antioxidants prevailed both in normoxia and under stress, which may indicate their intensive reduction. In wheat,
the activities of ascorbate peroxidase and dehydroascorbate reductase in shoots, and monodehydroascorbate reduc-
tase and glutathione reductase in roots decreased under anoxia and reaeration. The activity of antioxidant enzymes was
maintained in rice under lack of oxygen (ascorbate peroxidase, glutathione reductase) and increased during post-ano-
xia (AGC reductases). Anoxia stimulated accumulation of mRNA of the organellar ascorbate peroxidase genes OsAPX3,
OsAPX5 in shoots, and OsAPX3-5 and OsAPX7 in roots. At post-anoxia, the contribution of the OsAPXT and OsAPX2 genes
encoding the cytosolic forms of the enzyme increased in the whole plant, and so did that of the OsAPX8 gene for the
plastid form of the enzyme. The accumulation of mRNA of the genes OsMDAR2 and OsMDAR4 encoding peroxisomal
and cytosolic monodehydroascorbate reductase as well as the OsGR2 and OsGR3 for cytosolic and organellar glutathio-
ne reductase was activated during reaeration in shoots and roots. In most cases, O, deficiency activated the genes en-
coding the peroxisomal, plastid, and mitochondrial forms of the enzymes, and upon reaeration, an enhanced activity of
the genes encoding the cytoplasmic forms was observed. Taken together, the inactivation of AGC enzymes was revealed
in wheat seedlings during anoxia and subsequent reaeration, which disrupted the effective operation of the cycle and
triggered the accumulation of oxidized forms of ascorbate and glutathione. In rice, anoxia led to the maintenance of
the activity of AGC enzymes, and reaeration stimulated it, including at the level of gene expression, which ensured the
effective operation of AGC.

Key words: anoxia; reaeration; oxidative stress; ascorbate; glutathione; ascorbate-glutathione cycle; wheat; rice.
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AcKop6aT-I/TyTaTMOHOBBIN 1K/ B IIPOPOCTKAaX IIIIIEeHMIIbI 1 pyica
IIpY aHOKCUM U TOCIenyIoleli peaspaliin

B.B. Emeabsinosl 2®, E.T. ]_[pI/IKaSIOKz’ 3, B.B. Aacrouxkun?, O.M. ApeLueBaZ, T.B. I-II/[pKOBa2

T Kadenpa reHeTVKi 1 G1oTexHONOrnm, 61onornueckmii pakynstet, CaHKT-MNeTepByprekuii rocyaapcTBEHHbIiM yHuBepcuteT, CaHKT-lNeTepbypr, Poccua

2 Kadeppa dusnonornm n buoxumun pacteHuin, buonorndeckunii dpaxkynstet, CaHKT-NeTepOyprckunii rocyaapcTBeHHbIn yHuBepcutet, CaHKT-MeTepbypr, Poccus
3 Kadeapa BoaHbIX pecypcos, dbaKynsTeT reonHdopMaTiKu 1 HabiofeHna 3a 3emneit, YHusepcutet TeeHTe, IHcxeae, HugepnaHabl

® bootika@mail.ru

AHHOTauuMA. BaXKHON YacTblo AHTUOKCUMAAHTHONM CUCTEMbI PacTEHUI ABNAETCA ackopbaT-rnyTaTMoHOBbLIN LmKn (AlL),
dYHKLMOHMPOBaHVe KOTOPOro PErncTpupyeTcs Npu AencTBur pasHoo6pasHbiX CTPeCcCcopoB, B TOM uucne geduumta
n/vnn otcyTcTBMA O,, @ TakKe OKNCIIMTENbHOMO CTPecca, BO3HMKAIOLLEero cpasy nocse BOCCTaHOBIEHWA AOCTYMNa KUCI0-
poga (peaspauys, Unv noctaHokcus). MokasaHa 3HauMTENbHAA aKKYMyALUA OKUCSIEHHbIX GOPM ackopbaTa 1 rnyTaTno-
Ha B MpopocTKax nweHuubl (Triticum aestivum, copT JIeHWHrpaaKa, HeYCTOMYMBOE pacTeHne) Npu AeNCTBUM Ha HEro
24-4acoBOW aHOKCUM 1 peaspaumu, YTo CBUAETENbCTBYET O Pa3BUTUM OKUCAUTENbHOro cTpecca. Y puca (Oryza sativa,
copTJInmaH, ycTonumnBoe pacteHne) npeobnagany BOCCTaHOBMIEHHble GOPMbl AaHHbIX aHTUOKCUAAHTOB KaK B KOHTpOI1e,
TaK U NpU CTPecce, YTO MOXET YKa3blBaTb Ha X UHTEHCMBHOE BOCCTAHOBMEHME. Y MWeHNLbl aKTUBHOCTI ackopbat-
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ACKOP6aT-ryTaTMOHOBBIN LK B MPOPOCTKAX MLUEHNLbI 1 prca
NPV aHOKCKM 1 MOCTEAYIOWEN peaspaunm

nepokcuaasbl v gerngpoackopbatpeayKrasbl B noberax, a TakKe MOHoAernapoackopbaTpeayKrasbl U ryTaTMOHPEAYK-
Tasbl B KOPHAX CHUKANUCh NOA AeNCTBMEM aHOKCUM U peaspaunm. Y puca akTMBHOCTb aHTUOKCMAAHTHbIX GepMeHTOB
COXpaHANacb B OTCYTCTBME KUCIOPOAa (ackopbaTrnepoKcmaasa, ryTaTMoHpeyKTasa) 1 Bo3pacTasa npu nocTaHOKCUn
(pepykTtasbl AlLl). AHokcua ctumynupoBana HakonneHne MPHK reHoB opraHensibHbix ¢popm ackopbaTtrnepokcmaa-
3bl OsAPX3, OsAPX5 B noberax n OsAPX3-5, OsAPX7 B KOPHsX NPOPOCTKOB puca. Mpy NOCTaHOKCKM BO BCEM PacTeHUN
BO3pacTan BKMaf reHoB Lutonnasmatnyeckux popm depmerta — OsAPX1, OsAPX2, a Takxe nnactugHon OsAPXS. Mpwn
peaspaunn akKymynMpoBasMCb TPAHCKPUMTbI NEPOKCMCOMHON U LMTOMIa3MaTUYeCKon MoHogerngpoackopbatpe-
nykTasbl OsSMDAR2 n OsMDAR4, LMTO30MbHON 1 OpraHenibHow riyTaTnoHpenykTasbl OsGR2 n OsGR3. B 60nblwHCTBE
cnyyaeB HepgocTaTok O, MHAYLMPOBaN akTUBHOCTb reHOB, KOAMPYIOLMX MEPOKCMCOMHbIE, NAAaCTUAHbIE Y MUTOXOHAPU-
anbHble dopmbl pepMeHTOB, a peaspauua ycunmaana paboTy reHoB, KOAUPYIOLWKMX LuTonnazmaTuyeckne dopmbl. Mpun
LeNCTBMIN aHOKCUM 1 NocneaytoLleil peaspaunm BbiABfieHa MHakT1Bauma depmeHToB AlL| B npopocTKax nlieHuLpbl, YTo
HapyLwano 3¢pdeKTBHYI0 PaboTy LKA 1 3anycKano akkymynAaLmMIio OKUCIeHHbIX opm ackopbaTa 1 rnyTaTuoHa. Y puca
AHOKCMA MPUBOAMIIA K COXPaHeHWI0 akTMBHOCTM depmeHTOB AlLl, a peaspauuna ee cTumynupoBana, B TOM Yncie Ha
YPOBHE IKCMPeccum reHoB, YTo obecneunBasno 3$pPpekTriBHOe GyHKLVIOHMPOBaHKE ackopbaT-ryTaTMoHOBOrO LK.

KnioueBble crnoBa: aHOKCUA; peaspaLns; OKUCIUTENbHBIV CTPECC; acKOPOUHOBAA KUCNIOTa; MyTaTMOH; ackopbaT-riyTa-
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TMOHOBbIN UMKn; nuweHnua; puc.

Introduction

Plants have a multi-level system of protection against the
damaging effects of reactive oxygen species (ROS), which
accumulated in response to changes in environmental con-
ditions, developmental stages, the action of hormones, etc.
(Halliwell, 2006; Foyer, Noctor, 2009; Shikov et al., 2021).
An important part of the antioxidant system is the ascorbate-
glutathione cycle (AGC, Foyer—Halliwell-Asada pathway),
which ensures the effective reduction of low-molecular-weight
antioxidants — ascorbate and glutathione. Ascorbic acid (AsA,
vitamin C) is a key water-soluble antioxidant present in all
cell compartments, including the apoplast (Noctor, Foyer,
1998). AsA neutralizes most ROS and reduces tocopherols
and epoxycarotenoids of the violaxanthin cycle. When AsA
is oxidized, either a short-lived radical, monodehydroascorbic
acid (MDA), or a non-radical oxidized form, dehydroascorbic
acid (DHA), is formed. Two molecules of MDA can undergo
a disproportionation reaction to form one molecule of reduced
AsA and one molecule of DHA.

Glutathione, another low-molecular-weight AGC antioxi-
dant, is a y-Glu-Cys-Gly tripeptide. It is present throughout
the cell, but in the apoplast, only in trace amounts (Noctor,
Foyer, 1998; Gill, Tuteja, 2010). Glutathione neutralizes
reactive oxygen and nitrogen species, free radicals and fatty
acid peroxides, participates in the neutralization of methyl-
glyoxal, xenobiotics and heavy metals, and reduces DHA
and sulthydryl groups (Hasanuzzaman et al., 2017). It is
involved in various physiological processes, including redox
regulation, signal transduction, conjugation and transport
of metabolites, regulation of plant growth and development
(Gill, Tuteja, 2010).

The key enzyme of the AGC, ascorbate peroxidase (APX,
EC 1.11.1.11), oxidizes two AsA molecules to two MDA. APX
belongs to class I haem peroxidases and is localized mainly
in plastids (most isoforms), as well as in the cytoplasm and
peroxisomes. A number of stromal APXs were also found in
the mitochondrial matrix (Ishikawa, Shigeoka, 2008). MDA
in the AGC can be reduced to AsA by monodehydroascor-
bate reductase (MDAR, EC 1.6.5.4), localized in the cytosol,
peroxisomes, plastids and mitochondria. When reducing
two molecules of MDA, MDAR oxidizes one molecule of

NADH or NADPH. DHA can be reduced non-enzymatically
by glutathione, especially at the alkaline pH values found in
the chloroplast stroma. Thioredoxins fand m also reduce DHA
(Morell etal., 1997). In the AGC, dehydroascorbate reductase
(DHAR, EC 1.8.5.1) is responsible for the reduction of DHA,
while two molecules of reduced glutathione (GSH) are con-
verted into an oxidized form — glutathione disulfide (GSSG).
DHAR belongs to the glutathione S-transferase superfamily,
although it is not capable of catalyzing glutathione conjuga-
tion or peroxide reduction. DHAR is localized in the cytosol,
peroxisomes, plastids and mitochondria, and in a number of
plants — in the apoplast and vacuoles (Ding et al., 2020). Glu-
tathione reductase (GR, EC 1.8.1.7) catalyzes the reduction
of glutathione at the expense of NADPH. GR functions in the
cytoplasm, plastids and mitochondria, with 80 % of the activity
registered in photosynthetic tissues occurring in chloroplasts
(Gill et al., 2013). Data from proteomic analysis confirm the
presence of GR in peroxisomes (Palma et al., 2009). GR is
not only involved in the AGC, but also in the maintenance of
sulfhydryl groups and the reduction of glutathione, oxidized
directly by ROS, fatty acid peroxides and S-conjugates, etc.
(Gill, Tuteja, 2010; Gill et al., 2013).

The AGC was formulated in relation to the antioxidant
protection of the photosynthetic apparatus (Foyer, Halliwell,
1976). However, the cycle also operates in the cytosol and,
partially, in peroxisomes and mitochondria. The AGC is im-
portant for plant adaptation to adverse environmental factors.
Increased activity and gene expression of most AGC enzymes
is characteristics for plants that are resistant to drought, sa-
linity, non-optimal temperatures, heavy metals, phytopatho-
gens, etc. Transgenic plants overexpressing genes of the
AGC show increased resistance to stressors (Hasanuzzaman
et al., 2019).

One of the common stress factors affecting plants is the
deficiency (hypoxia) or complete absence (anoxia) of oxygen,
occurring in wet or waterlogged soils, during inundation or
flooding (Chirkova, Yemelyanov, 2018). ROS are formed in
an oxygen-free environment, where they participate in the
transduction of an anaerobic signal and trigger destructive
processes (Blokhina et al., 2001). Subsequent oxidation of
reduced products accumulated during anoxia leads to in-
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creased generation of ROS and the development of post-ano-
xic oxidative damage (Blokhina et al., 2003; Shikov et al.,
2020).

There are numerous data on the changes in the opera-
tion of AGC components under the influence of hypo- and
anoxia. O, deficiency led to a decrease in the activity of all
AGC enzymes in hypoxically grown rice and lotus seedlings
(Ushimaru et al., 1992, 2001), and in wheat roots (Biemelt et
al., 1998). However, no changes in enzymatic activity were
detected in the roots of lupine (Lupinus luteus) (Garnczarska,
2005). Prolonged waterlogging even stimulated most AGC
enzymes in citrumelo (Citrus paradisi L. Macf. x Poncirus
trifoliata L. Raf.) (Hossain et al., 2009). A decrease in AGC
enzymes activity under flooding was observed in soybean
roots — APX (Kausar et al., 2012), in Welsh onion — APX and
GR (Yiu et al., 2009), and in cotton leaves — APX, DHAR
and GR (Wang et al., 2019). Reaeration, on the contrary,
stimulated most AGC enzymes (Ushimaru et al., 1992, 2001;
Garnczarska, 2005).

Only a handful of studies compared the operation of the
AGC between plants with different levels of resistance to
oxygen deficiency. In leguminous plants, pigeon pea (Caja-
nus cajan) and mung bean (Vigna radiata), varieties resistant
to flooding were characterized by increased activity of APX
and GR under hypoxia and reaeration, which was accompa-
nied by upregulated expression of the corresponding genes
(Sairam et al., 2009, 2011). An increase in APX activity
during submergence was reported for tolerant slow-growing
varieties of rice (Damanik et al., 2010) and ryegrass (Lolium
perenne) (Liu, Jiang, 2015). Anoxia and reoxygenation caused
greater ROS production and oxidative damage to lipids and
proteins in seedlings of a non-resistant wheat plant (Chirkova
et al., 1998; Shikov et al., 2022), and an increased activity
of catalase and class III peroxidase in a resistant plant (rice)
(Yemelyanov et al., 2022).

The objective of this study was to analyze the effects of
anoxia and post-anoxic oxidative stress on the content of low-
molecular-weight antioxidants and the activity of enzymes
of the ascorbate-glutathione cycle in wheat and rice plants.

Materials and methods

Plant material. The objects of the study were 7-day-old wheat
seedlings (Triticum aestivum L.) of the Leningradka variety
and 10-day-old rice seedlings (Oryza sativa L.) of the Liman
variety. Wheat caryopses were purchased from the Suida
Breeding Station (Leningrad Region, Russia), rice seeds were
provided by the Federal Rice Research Center (Krasnodar,
Russia). Wheat was used as a plant that is not resistant to
hypoxia, and rice was used as a hypoxia-tolerant one.

The seeds were surface-sterilized with a 5 % sodium hy-
pochlorite solution, germinated, and seedlings were grown in
hydroponic culture, as we previously described (Yemelyanov
et al., 2020, 2022). Anaerobic conditions were created by
passing nitrogen gas (oxygen content <0.01 %, Lentekhgaz,
Russia) through chambers with plants, which were then
hermetically sealed and placed in the dark to prevent the
formation of oxygen in the light. Anaerobic conditions were
checked using the Anaerotest® indicator (Merck, Germany).
Exposure to a nitrogen atmosphere was 24 hours. Control

Ascorbate-glutathione cycle in wheat and rice seedlings
under anoxia and subsequent reaeration

plants were placed in the dark under normoxic conditions.
Next, to create post-anoxia, the experimental plants were
removed from the anaerobic chambers and transferred into
ambient air in the dark for 15 minutes, 1, 3 and 24 hours in
experiments to determine low-molecular antioxidants, and
1 and 24 hours in the experiments to study the activity of
enzymes of the ascorbate-glutathione cycle and expression
of corresponding genes.

Concentrations of ascorbic acids and glutathione. Low-
molecular-weight antioxidants of the AGC were extracted with
chilled 5 % metaphosphoric acid from 1 g of shoots and roots
after homogenization in liquid nitrogen (Blokhina et al., 2000).
The extract was filtered and centrifuged for 30 minutes at
15,000 g. The content of ascorbate and dehydroascorbate was
determined spectrophotometrically using the bipyridyl method
(Knorzer et al., 1996). Reduced and oxidized glutathione was
detected enzymatically (Law et al., 1983; Knorzer et al., 1996)
using glutathione reductase (Sigma, USA).

Activities of AGC enzymes. To extract enzymes, shoots
and roots of 10 seedlings were weighed and ground with
amortar and pestle in a chilled buffer (tissue : buffer ratio was
1:10, w/v) with the addition of quartz sand. All operations
were performed at +4 °C. Determination of the protein con-
tent in the enzyme extract was carried out using the Bradford
method (Bradford, 1976). When calculating enzyme activity,
the autoxidation of substrates was taken into account, which
was recorded without the addition of enzyme extract.

To extract ascorbate peroxidase, plant tissue was homo-
genized and extracted with 0.05 M K,Na-phosphate buffer
(pH 7.0). After 15 minutes of centrifugation at 8,000 g, the
supernatant was collected, and the pellet was resuspended
with 1/2 of the original volume of buffer, then extracted for
20 minutes and centrifuged again. The combined fraction
was used to determine enzyme activity by the decrease in
absorption at 290 nm (spectrophotometer SP-26, LOMO,
Russia) due to ascorbate oxidation (Nakano, Asada, 1981).
The reaction medium for determining APX activity consisted
of 40 pl of enzyme extract (7.0-23.2 ug of protein) in 0.05 M
K,Na-phosphate buffer (pH 7.0), to which 0.5 ml of 5 mM
ascorbate (Sigma) was added. The reaction was initiated by
adding H,0, (2.5 mM)); distilled water was added to the control
variant. The final volume of the reaction medium was 3 ml.
Enzyme activity was calculated in micromoles of ascorbate
oxidizable per 1 g of fresh weight per min using the extinction
coefficient of 2.8 mM~!- cm.

Intermediate AGC reductases (MDAR and DHAR) were
extracted with 0.05 M K,Na-phosphate buffer (pH 7.3) con-
taining 2 mM EDTA and 1 % cross-linked polyvinylpolypyr-
rolidone (Sigma). The homogenate was filtered and centri-
fuged at 15,000 g for 20 minutes.

MDAR activity was determined in a reaction coupled with
ascorbate oxidase (Arrigoni et al., 1981). The composition
of the reaction medium was 100 pl of 0.3 mM ascorbic acid,
200 pl of 0.3 mM NADH (Sigma), 0.5 units of ascorbate oxi-
dase (Sigma), 300 pl of the sample (shoot extract) or 500 pl
(root extract) and 0.05 M K,Na-phosphate buffer (pH 6.3).
The final volume of the medium was 3 ml. The reaction
was initiated by adding ascorbate oxidase. Optical density
was measured at 340 nm with an SP-46 spectrophotometer

46 BaBunoBckuii xXypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 1



B.B. EmenbaHoB, E.I. MpurKasiok, B.B. JlTacTouknH
O.M. Apeluea, T.B. YupkoBa

(LOMO, Russia). Enzyme activity was calculated in nano-
moles of oxidizable NADH per 1 g of fresh weight per minute
(NAD(P)H extinction coefficient was 6.22 mM - cm™).

DHAR activity was detected in the reaction medium con-
taining 100 pl of 0.5 mM dehydroascorbic acid (Sigma),
100 pl of 1 mM reduced glutathione (Sigma), 50 pl of enzyme
extract (from the shoots) or 100 ul (from the roots) and 0.05 M
K,Na-phosphate buffer (pH 7.0) (Knorzer et al., 1996). The
final volume was 3 ml. The reaction was initiated by adding
DHA, which was dissolved in distilled water saturated with
nitrogen gas immediately prior to measuring the activity.
Optical density was measured at 265 nm with an SP-46 spec-
trophotometer. Enzyme activity was calculated in micromoles
of reduced ascorbate per 1 g of fresh weight per minute.

Glutathione reductase was extracted with 0.1 M K ,Na-
phosphate buffer (pH 7.5) containing 2 mM EDTA and 1 %
cross-linked polyvinylpolypyrrolidone. The homogenate was
filtered and centrifuged at 15,000 g for 20 minutes. GR activity
was determined in the following medium: 300 ul of extract,
100 pl of 0.5 mM oxidized glutathione (Sigma), 200 pl of
0.2 mM NADPH (Sigma) in 0.1 M K,Na-phosphate buffer
(Rao et al., 1995). The final volume of the medium was 3 ml.
The reaction was initiated by adding NADPH. Optical density
was measured at 340 nm with an SP-46 spectrophotometer.
Enzyme activity was calculated in nanomoles of NADPH oxi-
dizable per 1 g of fresh weight per minute.

Gene expression was studied in rice seedlings, since the ac-
tivity of most of the studied enzymes maintained or increased
under stress. To design primers, we used the annotated rice
genome databases (Rice Genome Annotation Project, http://
rice.uga.edu/, last accessed 22 December 2023, and The rice
annotation project database, http://rapdb.dna.affrc.go.jp/tools/
search/, last accessed 22 December 2023), as well as the rice
reference genome IRGSP-1.0 Oryza sativa var. japonica
cv. Nipponbare, available at http://www.ncbi.nlm.nih.gov/
datasets/genome/GCF_001433935.1/ (last accessed 22 De-
cember 2023).

Nucleotide sequences of genes encoding all types of as-
corbate peroxidases (8 genes), monodehydroascorbate re-
ductases (5 genes), dehydroascorbate reductases (2 genes) and
glutathione reductases (3 genes) were found. Coding DNA
sequences (CDS) were examined. Among ascorbate peroxi-
dases, several CDS were identified for the Os4PX8 gene (2);
among monodehydroascorbate reductases — for the OsMDAR?2
and OsMDAR4 genes (2 each); among glutathione reduc-
tases — for OsGR2 (3) and OsGR3 (2). All CDS of the corre-
sponding genes were aligned using the ClustalW algorithm in
the MegAlign 5.05 program from the DNAStar suite. Primers
were designed for the consensus regions closest to the 3’ end
of the CDS in the VectorNTI 8 program (Supplementary
Materials 1 and 2)!, i.e. the primers we developed allow to
evaluate the expression of any alternatively spliced variants
of the genes of interest. OsTUB4, encoding B-tubulin-4 and
demonstrating the most stable expression, was used as a re-
ference gene (Yemelyanov et al., 2022). The specificity of
the primers was checked by searching for homology with the
rice genome and transcriptome using the BLASTn algorithm

1 Supplementary Materials 1-6 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Emel_Engl_28_1.pdf
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on the NCBI database website (http://blast.ncbi.nlm.nih.gov/,
last accessed 22 December 2023). Primers were ordered from
the Beagle company (Russia, http://www.biobeagle.com/, last
accessed 22 December 2023).

Methods for RNA isolation and purification, reverse tran-
scription and quantitative real-time PCR (RT-PCR) have been
described in details previously (Yemelyanov et al., 2022).
RT-PCR was performed using kits with SYBRGreen dye (Syn-
tol, Russia, http://www.syntol.ru, last accessed 22 December
2023) in a C1000 thermal cycler with a CFX96 optical module
(Bio-Rad Laboratories, USA) according to the manufacturer’s
recommendations. We used the equipment of the Center for
Molecular and Cell Technologies of Research park of St. Pe-
tersburg State University.

The 2-2€t method was used to obtain the relative amount
of transcripts from the difference in threshold amplifica-
tion cycles (Ct) between the target and the reference gene
(OsTUB4), and the 2-2ACt method was used to obtain the
degree of change in the relative amount of transcripts of each
gene (Livak, Schmittgen, 2001). Changes in the expression
level were calculated relative to control (normoxic) values,
taking them as one.

Statistical analysis. All experiments were carried out in
4-8 biological and 3 analytical replicates. Statistical data
processing was performed using GraphPad Prism 8.0.1 for
Windows. The graphs in figures show the average values and
their standard errors. Values with different letters were sig-
nificantly different at p < 0.05 (Tukey weighted mean). Heat-
maps were generated using the tidyverse package (Wickham
et al., 2019) in the R software environment (R Core Team,
2023). Asterisks on the heatmap indicate statistically sig-
nificant differences from the control (Mann—Whitney U test,
p <0.05).

Results

The impact of anoxia and reoxygenation

on the low-molecular-weight antioxidants of the AGC

The initial level of ascorbate in wheat was higher than in rice
(twice as high in the shoots and 1.5 times in the roots, Fig. 1).
The reduced form of ascorbate (AsA) dominated in the seed-
lings of both plants (80 and 70 % in wheat shoots and roots,
respectively, and 60 % in the organs of the rice seedlings). The
24-hour anoxia caused a 4-fold decrease in the level of AsA
in the shoots and a 5-fold decrease in the roots of the wheat
seedlings (see Fig. 1, a, ¢), accompanied by the accumulation
of dehydroascorbate (DHA) (increasing by 3.5 and 3 times,
respectively). As a result, the oxidized form dominated, ac-
counting for 80 % in the shoots and 90 % in the roots of wheat
seedlings. In the shoots of rice, under the influence of anoxia,
the content of AsA decreased by 10 %, and DHA remained
unchanged (see Fig. 1, b). Meanwhile, in the roots, the level
of both ascorbate forms increased by 40 % (see Fig. 1, d).
A 15-minute reoxygenation led to a further depletion in the
AsA content and the accumulation of DHA in wheat shoots.
A more prolonged post-anoxic period (1-24 hours) led to
the accumulation of AsA and a decrease in DHA levels (see
Fig. 1, ¢), with both forms reaching control values. Notably,
the total level of ascorbate (AsA + DHA) decreased from 2.3
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under anoxia and subsequent reaeration
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Fig. 1. Effect of 24 h anoxia and subsequent reaeration on the ascorbic acid (AsA) and dehydroascorbic acid (DHA) content in

shoots (a, b) and roots (c, d) of wheat (g, ¢) and rice (b, d) seedlings.

Values with different letters (a-h) are significantly different at p < 0.05, according to Tukey'’s test.
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Fig. 2. Effect of 24 h anoxia and subsequent reaeration on the reduced (GSH) and oxidized (GSSG) glutathione content in shoots

(a, b) and roots (c, d) of wheat (g, ¢) and rice (b, d) seedlings.

Values with different letters (a—e) are significantly different at p < 0.05, according to Tukey's test.

to 1.5 pmol/g fresh weight in wheat shoots under the influence
of anoxia and subsequent reoxygenation, and it was preserved
in the roots. Changes of ascorbate in rice seedlings were in
the opposite direction: in the shoots, the level of AsA/DHA
initially increased/decreased (respectively) and then returned
to the control level (see Fig. 1, b), while in the roots, con-
versely, the levels initially decreased/increased, but by the end
of the experiment, both parameters exceeded control values
(see Fig. 1, d). The total level of ascorbate in rice seedlings
did not change, except for the 24-hour reoxygenation, when
it increased 1.5 times in the roots.

Next, let us examine the dynamics of glutathione content.
The initial concentrations of reduced glutathione (GSH) and

total glutathione (GSH+ GSSG) were higher in rice seedlings,
particularly in the shoots (Fig. 2). The content of both forms,
GSH and GSSG was approximately the same. The ratio of
GSH/GSSG was 1.3 in the shoots and 1.1 in the roots of rice,
while in wheat, the oxidized form (GSSG) dominated, with
a GSH/GSSG ratio of 0.6 and 0.9, respectively. The lack of
oxygen did not affect the GSH level in wheat seedlings and
rice shoots, whereas in rice roots, it increased by 25 % (see
Fig. 2, d). The content of GSSG changed under anoxia only
in the shoots of the studied plants: it increased twofold in
wheat, while it decreased by 15 % in rice (see Fig. 2, a, b).
The level of GSH decreased in wheat shoots after 24 hours of
reoxygenation, and in the roots at shorter intervals (1-3 hours),
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Fig. 3. Activity of enzymes of the ascorbate-glutathione cycle in the shoots and roots of wheat and rice seedlings under 24 h anoxia and subsequent
reaeration: g, ascorbate peroxidase (APX); b, monodehydroascorbate reductase (MDAR); ¢, dehydroascorbate reductase (DHAR); d, glutathione reduc-

tase (GR).

Values with different letters (a—f) are significantly different at p < 0.05, according to Tukey’s test.

after which it returned to the control level (see Fig. 2, a, ¢).
During post-anoxia, the GSSG content in the shoots returned
to the control level (normoxia) and was lower than under nor-
moxic conditions in the roots. The level of total glutathione
(GSH+GSSG) did not change significantly under stress, and
the proportion of GSH decreased from 46 % (shoots) and
40 % (roots) under normoxia to 31-35 % under anoxia and
short-term reoxygenation, after which it returned to control
values. The post-anoxic period had a similar effect on the le-
vels of both forms of glutathione in rice shoots. In the shoots,
it decreased during short-term reoxygenation (15 minutes
to 3 hours) and increased by 24 hours of post-anoxia (see
Fig. 2, b). In rice roots, the content of both forms decreased
after 15 minutes of reoxygenation, increased by 1-3 hours,
and then decreased again by 24 hours of post-anoxia (see
Fig. 2, d). The total glutathione level in rice decreased during
anoxia and short-term reoxygenation (15 minutes), and then
returned to the control normoxic level. The GSH/GSSG ratio
in rice shoots was greater than one throughout all the experi-
ment, indicating a predominance of GSH.

The impact of anoxia and reoxygenation

on the enzymes of the AGC

Figure 3 depicts changes in the activity of high-molecular-
weight components of the AGC. Interestingly, the baseline
activity level of AGC enzymes, except for rice GR, was higher
in the shoots of plants of both species (see Fig. 3). Anoxia and
subsequent reoxygenation led to a significant downregulation
of APX activity in wheat shoots, while in rice shoots, a 10 %
decrease in activity under oxygen deficiency was followed by
areturn to the control level during post-anoxia (see Fig. 3, a).
In the roots of both species, neither anoxia nor reoxygenation

caused changes in APX activity, similar to MDAR in wheat
shoots (see Fig. 3, ). In wheat roots, the activity of MDAR
decreased almost twofold as a result of oxygen deficiency and
reoxygenation. In rice shoots, the change in MDAR activity
was similar to that of APX, only after 24 hours of post-ano-
xia, the activity exceeded the control normoxic value. In rice
roots, MDAR was consistently active throughout the entire
experiment and was inhibited by 25 % only after 24 hours of
reoxygenation (see Fig. 3, b).

The inactivation of DHAR was registered during anoxia in
the shoots of both plants. However, in the case of rice during
reoxygenation, the activity of the enzymes was restored and
increased; however, this was not the case for wheat (see
Fig. 3, ¢). In the roots of both plants, the activity of DHAR
remained unchanged under all experimental conditions, si-
milar to the activity of GR in wheat shoots and rice roots (see
Fig. 3, d). In wheat roots, the enzyme was deactivated under
stress conditions, while in rice, it was stimulated after 24 hours
of reoxygenation (see Fig. 3, d).

The impact of anoxia and reoxygenation

on the expression of genes encoding AGC enzymes in rice
An analysis of the expression of genes encoding AGC enzymes
was conducted in rice tissues, where the activation of enzymes
during post-anoxia was demonstrated. APX in rice is encoded
by eight genes: OsAPXI and 2 encode cytosolic isoforms,
OsAPX3 and 4 — peroxisomal ones, OsAPX5 and 6 —isoforms
with dual plastid-mitochondrial localization, OsAPX7 — the
stromal isoform of plastids, Os4 PX8 — the thylakoid one (see
Supplementary Material 1). In rice shoots, 24-hour anoxia
resulted in an insignificant increase in the expression of per-
oxisomal OsAPX3, a 15-fold increase in the expression of
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Fig. 4. Heatmaps of relative transcript levels of genes encoding enzymes
of ascorbate-glutathione cycle in the shoots and roots of rice seedlings
under 24 hours of anoxia and subsequent reaeration.

The expression level in the control (normoxia) is taken as one. Asterisks on the
heatmap indicate statistically significant differences from the control (Mann-
Whitney U test, p < 0.05).

OsAPX5, and a slight decrease in the expression of OsAPX06,
the product of which is localized in plastids and mitochondria
(Fig. 4, Supplementary Material 3).

Reoxygenation had the same impact on all genes of the
OsAPX family, inducing the activation of their expression
both after 1 and after 24 hours. Statistically significant dif-
ferences in mMRNA accumulation between an hour and a day
of reoxygenation were detected for Os4APX6, the expression
of which increased after a day of reoxygenation, as well as
for OsAPX7, the expression of which also increased after an
hour of reoxygenation but began to decrease after a day of
reoxygenation. During post-anoxia, OsAPX5 and OsAPXS8
were the most activated. In rice roots, the changes in expres-
sion were more pronounced (see Fig. 4, Supplementary Mate-
rial 3). Due to anoxia action, the expression of peroxisomal
forms (OsAPX3 and OsAPX4), the plastid-mitochondrial form
OsAPX5, and the stromal form OsAPX7 increased. After an
hour of reoxygenation, the expression of all genes, except for
OsAPX6, increased; however, after a day of reoxygenation,
the mRNA levels of all genes returned to their original va-
lues. The most active genes during reoxygenation in the roots
were OsAPX2, OsAPX3, and OsAPX5. In both organs, the
OsAPXS5 gene was the most responsive to anoxia and reoxy-
genation.

Ascorbate-glutathione cycle in wheat and rice seedlings
under anoxia and subsequent reaeration

The family of genes encoding MDAR in rice consists of five
genes. The products of the OsMDARI and OsMDAR?2 genes
are localized in peroxisomes, of OsSMDAR3 and OsMDAR4,
in the cytosol, and of OsMDARS, in plastids and mitochon-
dria (see Supplementary Material 2). In the shoots, 24 hours
of anoxia led to an increase in the expression of OSMDAR?2
and a decrease in the expression of OsMDAR3 (see Fig. 4,
Supplementary Material 4). After an hour of reoxygenation,
the expression of OsMDAR?2 and OsMDAR4 peaked, and af-
ter a day of reoxygenation, there was a tendency to return to
the original level of expression. The accumulation of mRNA
of OsMDAR3 and OsMDARS also increased after an hour
of reoxygenation and continued to grow after 24 hours of
reoxygenation. In the roots, anoxia activated the expression
of OsMDARI, OsMDAR?2, and OsMDAR4. After an hour of
reoxygenation, the quantity of OsMDAR transcripts returned
to the control normoxic level, while the expression of the
OsMDAR2 and OsMDAR4 genes remained at an elevated
anoxic level. After a day of reoxygenation, activity of all genes
returned to the original level, and in the case of the OsMDAR1
gene, it even dropped below it.

Between the two genes encoding DHAR in rice, changes
were observed in the case of OsDHARI. In both shoots and
roots, expression followed a similar pattern: 24 hours of ano-
xia led to a twofold decrease in transcript levels; after an hour of
reoxygenation, a tendency to return to control values emerged,
which were successfully restored after a day of reoxygenation
(see Fig. 4, Supplementary Material 5).

Three GR genes were identified in the rice genome: OsGR/
and OsGR3 encode isoforms of the enzyme with plastid-
mitochondrial localization, while OsGR2 encodes a cytosolic
isoform (see Supplementary Material 2). The expression of
OsGRI decreased, OsGR2 remained unchanged, and OsGR3
increased in the shoots after 24 hours of anoxia (see Fig. 4,
Supplementary Material 6). After an hour of reoxygenation,
the accumulation of OsGRI mRNA returned to the normoxic
level, OsGR?2 increased, and OsGR3 continued to rise, exceed-
ing the control level by 30 times. After 24 hours of reoxyge-
nation, the amount of OsGR/ transcripts continued to increase,
OsGR2 remained at the same level, and OsGR3 returned to the
initial value. In the roots of rice, the changes in OsGR2 and
OsGR3 were perfectly synchronized: an increase after anoxia,
maintenance of the same level after an hour of reoxygenation,
and restoration of the initial level after a day of reoxygenation.
The expression of OsGR1 remained unchanged. OsGR3 was
predominant in response to both anoxia and reoxygenation
in both organs.

Discussion

The obtained results demonstrated that under normoxic condi-
tions, the hypoxia-sensitive plant (wheat) accumulated higher
levels of ascorbic acid, while the hypoxia-tolerant plant (rice)
produced more glutathione (see Fig. 1, 2). After 24 hours of
anoxia and short-term (15 minutes to 1 hour) reoxygenation,
there was an accumulation of oxidized forms of ascorbate and
glutathione in wheat tissues. The ratio of reduced forms to oxi-
dized forms (AsA/DHA, GSH/GSSG) decreased below one,
indicating the development of oxidative stress. It is important
to note that in the roots of wheat, by 24 hours of post-anoxia,
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the levels of the reduced antioxidants (AsA, GSH) returned to
control levels (see Fig. 1, ¢, Fig. 2, ¢), whereas in the shoots,
this did not occur. In wheat shoots, more DHA accumulated
(see Fig. 1, a), and the total ascorbate level (AsA+DHA)
decreased, indicating a greater development of oxidative
processes. This is consistent with previously obtained data on
higher oxidative damage to lipids in the shoots compared to
the roots of wheat during anoxia and reoxygenation (Chirkova
et al., 1998; Shikov et al., 2022).

In rice seedlings, the reduced forms of AGC antioxidants
predominated both under normoxic conditions and during
stress (see Fig. 1, b, d, Fig. 2, b, d). This suggests an effec-
tive antioxidant defence that mitigates the development of
oxidative stress. Less oxidative damage to lipids and proteins
(Chirkova et al., 1998; Shikov et al., 2022) and lower hydrogen
peroxide (H,0O,) production (Yemelyanov et al., 2022) were
observed early in rice seedlings compared to wheat.

In studies performed by other authors, the accumulation
of AsA and DHA, as well as a decrease in the levels of both
forms of glutathione, were demonstrated in wheat under root
anoxia (Biemelt et al., 1998). A short-term reoxygenation after
anoxia caused a downregulation of the level of AsA, accumu-
lation of DHA, and GSH. Though the total content remained
unchanged, anoxia led to the depletion of the AsA pool and
the accumulation of DHA, while reoxygenation stimulated
the restoration of DHA in barley leaves (Hordeum vulgare)
(Skutnik, Rychter, 2009), and in a suspension cell culture of
Arabidopsis thaliana (Paradiso et al., 2016). During prolonged
anoxia, the content of all forms of low-molecular-weight
antioxidants of the AGC decreased in the roots of wheat and
rice seedlings, as well as in the rhizomes of the /ris species,
differing in resistance to hypoxia. However, in plants resistant
to hypoxia, the depletion was less pronounced (Blokhina et al.,
2000). The leaves of the moderately flood-tolerant citrume-
lo variety CPB4475 contained high levels of AsA and GSH
during prolonged waterlogging and subsequent reoxygena-
tion (Hossain et al., 2009). Transgenic A. thaliana plants,
tolerant to flooding and reoxygenation and overexpressing
the MYC?2 gene, which encodes a transcription factor involved
in jasmonic acid signalling, accumulated more AsA and GSH
during hypoxia and reoxygenation compared to wild-type and
myc2 knockout mutants (Yuan et al., 2017). Therefore, it can
be concluded that flood-tolerant plants are characterized by
the prevalence of reduced forms of ascorbate and glutathione
during oxygen deprivation and subsequent reoxygenation,
which may result from their active reduction during the AGC
operation.

The activity of AGC enzymes in the seedlings of the non-
tolerant plant (wheat) under anoxia and reoxygenation either
remained unchanged or was suppressed (APX and DHAR
in the shoots, MDAR and GR in the roots) (see Fig. 3). As a
result, the effective functioning of the AGC became impos-
sible. The decrease in the activity of enzymes in the ascorbate
part of the AGC (APX and DHAR) may be associated with
the inability of wheat shoots to restore the pre-stress levels
of AsA and DHA during oxygen deficiency and subsequent
reoxygenation (see Fig. 1, a). At the same time, maintenance
of the activity of these enzymes may contribute to achieving
the pre-stress levels in the roots of wheat (see Fig. 1, ¢). In
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the roots of the tolerant plant (rice), the activity of AGC en-
zymes under oxygen deficiency and post-anoxia also remained
unchanged (except for MDAR at 24 hours of reoxygenation,
see Fig. 3). In rice shoots, anoxia led to a decrease in the
activity of APX, MDAR, and DHAR, and the reintroduction
of oxygen stimulated all the enzymes of the cycle, resulting
in the accumulation of reduced forms of AsA and GSH (see
Fig. 1, 2).

Earlier studies have demonstrated that the deficiency or
absence of O, resulted in a decrease in the activity of all
AGC enzymes in wheat roots (Biemelt et al., 1998) and in
the hypoxia-grown seedlings of rice and lotus (Ushimaru et
al., 1992, 2001). There is also data on some of the enzymes
ofthe AGC for several flood-intolerant species. Thus, oxygen
deficiency suppressed the activity of APX, DHAR, and GR in
the leaves of cotton (Wang et al., 2019) and barley (Skutnik,
Rychter, 2009), APX and GR in Welsh onion roots (Yiu et
al., 2009), and APX activity in soybean (Kausar et al., 2012).
0, deficiency did not affect the activity of AGC enzymes in the
roots of lupine (Garnczarska, 2005), while in the leaves of the
moderately flood-tolerant citrus variety citrumelo CPB4475,
it stimulated the activity of most AGC enzymes, except
MDAR (Hossain et al., 2009). In the suspension cell culture
of A. thaliana, the activity of APX and GR was suppressed
by anoxia and stimulated by reoxygenation, while the activi-
ties of MDAR and DHAR remained unchanged (Paradiso et
al., 2016). GR was stimulated during post-hypoxia, while no
stimulation of AGC enzymes was observed during post-anoxia
in wheat roots (Biemelt et al., 1998). Reoxygenation stimu-
lated the activity of all AGC enzymes in rice and lotus seed-
lings (Ushimaru et al., 1992, 2001), in lupine roots (Garnczar-
ska, 2005), and GR in barley roots (Skutnik, Rychter, 2009).
The activity of GR in barley shoots, as well as the activities
of APX and DHAR in the whole plant, remained unchanged
during post-anoxia (Skutnik, Rychter, 2009). A comparison of
plants varying in flood tolerance revealed a higher activation of
APX and GR during hypoxia and reoxygenation in the tolerant
forms of pigeon pea, mung bean (Sairam et al., 2009, 2011),
rice varieties (Damanik et al., 2010), and ryegrass (Liu, Jiang,
2015). It can be concluded that oxygen deficiency leads to the
preservation or activation of AGC enzymes in flood-tolerant
plants, and the reintroduction of O, into the environment
stimulates their activity. This enables the reduction of oxidized
forms of low-molecular-weight antioxidants of the cycle and
ensures their efficient recyclization.

For a more in-depth analysis of the AGC operating in the
anoxia-tolerant rice seedlings, we have investigated the ex-
pression of genes encoding the enzymes of the cycle. Although
the activity of APX in rice shoots decreased during anoxia (see
Fig. 3, a), the downregulation of expression was observed only
in OsAPX6, encoding the plastid-mitochondrial isoform (see
Fig. 4, Supplementary Material 3). Reversely, the activation
of expression was observed for Os4APX5, encoding an enzyme
of the same localization, and for peroxisomal Os4PX3 inrice
shoots in an anaerobic environment. The reoxygenation stimu-
lated the accumulation of mRNA for all Os4PX, including the
cytosolic OsAPXI and OsAPX2, which corresponded to the
increase in APX activity to the control normoxic levels. The
post-anoxic conditions tended to activate predominantly the
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OsAPX5 and OsAPX8 genes, which encode plastid isoforms.
In the roots, enzyme activity remained unchanged, but the ex-
pression levels of peroxisomal forms (OsAPX3 and OsAPX4)
and plastid forms (OsAPX5 and OsAPX7) increased already
under anoxia, with the addition of the cytosolic (Os4PX1 and
OsAPX?2) and the plastid form (Os4PX8) during post-anoxia.
The greatest activation was observed for OsAPX2, OsAPX3,
and OsAPX5, corresponding to the cytosolic, peroxisomal, and
plastid-mitochondrial forms, respectively. The OsAPX5 was
activated more strongly than other genes and in both organs
of the seedling.

There is limited information on the expression of APX
genes in the literature. In soybean seedlings, flooding sup-
pressed the expression of cytosolic APX genes, GmAPXI
and GmAPX2 (Nishizawa et al., 2013). In pigeon pea and
mung bean, the hypoxia-tolerant forms were characterized
by increased expression of genes encoding cytosolic APX
under hypoxia, compared to the forms that are intolerant to
flooding (Sairam et al., 2009, 2011). An increased expression
of OsAPX1I during flooding was detected in a submergence-
tolerant rice variety carrying the SublA allele (Parlanti et
al., 2011). The flood-tolerant transgenic line of 4. thaliana,
expressing the MYC2 gene, and the wild-type plants were
characterized by the flooding-induced activation of genes en-
coding AGC enzymes (AtAPX2, AtMDHAR3, AtDHAR1, and
AtGR1) (Yuan et al., 2017). The mRNA level of 4t4PX2, en-
coding the cytosolic isoform, also increased during anoxia in
suspension cell culture of Arabidopsis, but it rose even more
during a short-term reoxygenation, similar to other cytosolic
forms (4tAPX1 and AtAPX6). The other APXs genes were
not investigated (Paradiso et al., 2016). We demonstrated the
activation of APX genes encoding cytosolic forms in rice only
under post-anoxia (see Fig. 4, Supplementary Material 3).

In our experiments, the activity of intermediate reductases
of the AGC (MDAR and DHAR) changed similarly in the
shoots: it decreased during anoxia and increased above the
control level during reoxygenation. In the case of DHAR, this
pattern coincided with changes in the expression of OsDHAR1
(see Fig. 4, Supplementary Material 5). The decrease in
MDAR activity in the shoots occurred alongside a decline
in transcripts of OsMDAR3, encoding the cytosolic form,
and the accumulation of transcripts of the peroxisomal form
OsMDAR? (see Fig. 4, Supplementary Material 4). The ex-
pression of OsMDAR?2 and OsMDAR4, encoding the cytosolic
isoforms, increased during a short-term reoxygenation. After
24 hours of post-anoxia, the expression of OsMDAR3 and
OsMDARS, encoding the cytosolic and plastid-mitochondrial
forms respectively, increased as well. In the roots, despite the
absence of changes in the enzyme activity, anoxia activated
the expression of OsMDAR 1, OsMDAR?2, and OsMDAR4. As
in the shoots during reoxygenation, the quantity of mRNA of
OsMDAR?2 and OsMDAR4 increased. In the scientific litera-
ture, only the aforementioned article by L.-B. Yuan and co-
authors (2017) was found, which investigated the expression
of genes encoding AGC reductases during hypoxia and post-
hypoxia. The maintenance of the GR activity during anoxia in
both shoots and roots of rice, as well as the activation during
reoxygenation in the shoots, is primarily associated with the
expression of OsGR2 and OsGR3, encoding the cytosolic

Ascorbate-glutathione cycle in wheat and rice seedlings
under anoxia and subsequent reaeration

and plastid-mitochondrial isoforms, respectively (see Fig. 4,
Supplementary Material 6).

Therefore, in most cases, oxygen deficiency induced the
activity of the genes encoding the peroxisomal, plastid, and
mitochondrial forms of AGC enzymes, and upon returning to
the normoxic conditions, there was also an enhancement in the
expression of the genes encoding the cytoplasmic forms. The
involvement of different enzyme isoforms may be an impor-
tant physiological mechanism for cell adaptation during the
transition from oxygen-deficient conditions to reoxygenation.
On the other hand, the addition of the cytoplasmic forms of
enzymes to the organellar ones, which were already activated
during anoxia, might be a consequence of increased oxida-
tive stress upon the return of the oxygen levels to normoxic
values during reoxygenation. In most cases, the activation of
AGC enzymes during post-anoxia corresponded to the changes
in their gene expression.

Conclusion

The comprehensive study of the AGC during anoxia and
subsequent reoxygenation demonstrated the inactivation of
APX and DHAR in the shoots, as well as MDAR and GR in
the roots of the intolerant plant (wheat). This disruption com-
promised the efficient functioning of the cycle, leading to the
accumulation of oxidized forms of ascorbate and glutathione
and contributing to the development of significant oxidative
damage. In the flood-tolerant plant (rice), the enzyme activi-
ty of the AGC was preserved under oxygen deficiency, and
reoxygenation stimulated it, including the transcription level.
This type of response possibly enables the recyclization of
low-molecular-weight antioxidants in the cycle, providing
antioxidant protection and preventing the development of
oxidative stress. Thus, the resistance of plants to oxygen defi-
ciency includes the resistance mechanisms to oxidative stress.
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Morphological and molecular analysis of rose cultivars
from the Grandiflora and Kordesii garden groups
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Abstract. The breeding of remontant rose cultivars that are resistant to diseases and adverse conditions, with high
decorative value and continuous flowering is the most important task during work with the gene pool of garden roses.
Currently, intercultivar hybridization within a single garden group has largely outlived its usefulness. It is necessary to
breed for highly decorative forms or cultivars that have outstanding resistance, morphological characters and patterns
of seasonal rhythms, and use these plants as parental forms in further breeding. This study represents a comparative
analysis of rose cultivars from two garden groups, Grandiflora (Gurzuf, Lezginka, Korallovy Syurpriz, Queen Elizabeth,
Komsomolsky Ogonyok, Love) and Rosa Kordesii (Letniye Zvyozdy, Dortmund, Gutsulochka). These cultivars proved
themselves during many years of testing in harsh climatic conditions. The objectives of the study were to determine
the genetic relationship within the groups and to assign phenotypically different cultivars to one or another garden
group. The analysis was carried out by morphological, phenological and ISSR markers. According to the phenological
observations on the Grandiflora cultivars, Komsomolsky Ogonyok had later budding and flowering stages. Polymor-
phic data generated from the ISSR markers showed that this cultivar was the most distant from the others and formed
a separate cluster on the dendrogram. A comparison of the morphological characters (flower diameter, number of
petals, peduncle length, bush height) showed a significant difference (p < 0.05) between Komsomolsky Ogonyok
and the other Grandiflora cultivars. A dendrogram based on a molecular analysis showed a lack of close relationships
between Komsomolsky Ogonyok and the Kordesii group, which formed a separate cluster. A pairwise comparison of
the morphological characters in Komsomolsky Ogonyok with the Kordesii group revealed a significant (p < 0.05) dif-
ference in three of the four characters studied. The exceptions were flower diameter when comparing with Dortmund
and Letniye Zvyozdy and peduncle length when comparing with Gutsulochka. Although Komsomolsky Ogonyok has
a pattern of seasonal development similar to Dortmund in the Kordesii group, the molecular analysis did not assign
the former to this group of roses. The cultivars that have valuable characters that no average rose does and that are
phenotypically different from such roses represent the most valuable breeding material.

Key words: Rosa L.; grandiflora; Rosa Kordesii; ISSR markers; morphological characters; phenological observations.
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MopdonornuecKkuii 1 MOJIEKY/ISPHbIV aHaIN3 COPTOB PO3
113 CaJOBBIX I'PVIII Ir'pauamudiaopa 1 po3sl Kopaeca

C.C. OpanoBa®, O.B. Aoporuna, O.JO. BacuabeBa

LleHTpanbHbIi cbrpckmin 6oTaHnuecknin cag Cbrpckoro otaeneHnsa Poccuinckon akagemnmn Hayk, HoBocnbrpck, Poccus
® judanowa.sophia@yandex.ru

AHHoTauus. [OUCK 3MMOCTOIKIX, YCTONUMBBIX K FPMOHBIM 60NE3HAM COPTOB, XapaKTePU3YOLLMXCA BbICOKON AeKopa-
TUBHOCTbIO, PEMOHTAHTHbIM 1 MPOAOIKUTENBbHbBIM LIBETEHMEM, IBNAETCA BaXKHeNLWeN 3aaayei npu paboTte ¢ Kosiek-
LIMOHHbIM reHoGOHAOM CafloBbIX PO3. B HacTosAwee Bpema MeXcopToBasa rmbpramnsaumna pos B npegenax ogHomn cago-
BOW rpynnbl BO MHOFOM 1cyeprana cebs. TpebyeTca NOUCK BbICOKOAEKOPATUBHbIX GOPM 1IN COPTOB, BbIAENAOLMXCA
Mo Pe3UCTEHTHOCTU, MOPPONOTNYECKNM U PUTMOSTIOTMUYECKM MPU3HaKaM 1A NCNONb30BaHNA B CeneKkunmn B KayecTBe
poanTenbcknx ¢opm. B paboTe BbINOMHEH CPaBHUTENbHBIN aHaNM3 COPTOB M3 ABYX CAZOBbIX IPynn — rpaHandnopa
(T'yp3yd, Nesrunka, Kopannosbinn ctopnpus, Queen Elizabeth, Komcomonbckuin oroHék, Love) n kopgesun (JleTHue
3Bé31bl, Dortmund, lyuynouka). 3T copTa XOpoLLo nokasanu cebs B TeUeHNe MHOMX NeT UCMbITaHUI B CYPOBbIX K-
MaTuyeckunx ycnosusx. Llenbto nccnegosaHms 66110 onpeneneHre CTENEHN POACTBa BHYTPU FPyMn U yCTaHOBMEHWE
BO3MOXHOW MPUHALNEXHOCTU GeHOTUNNYECKM Pa3fiMyaloLmMXca COPTOB K OfHOW 13 rpynn. AHann3 NpoBOAWAN MO
Mopdonornyecknm, peHonormyecknm nprsHakam, a Takke ¢ nomouubto ISSR-mapkepos. Mo pesynbratam peHonoru-
yeckux HabnogeHw B rpynmne rpaHaudnopa Boigennncsa copT KoMcoMonbcKuin oroHéK: 6onee nospgHee BCTyNeHre
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Morphological and molecular analysis of rose cultivars
from the Grandiflora and Kordesii garden groups

B ¢a3bl OyToHM3aumm 1 LBeTeHVA. [laHHble nonnMopdursma, NonyyeHHble Ha OCHoBaHUK ISSR-MmapKrpoBaHKA, NoKa-
3au, YTO OH yAaneH oT APYrvX COPTOB, 06pasys Ha AeHAporpamMmme oTAeNbHbIN Knactep. CpaBHeHMe COPTOB PO3 MO
MopdonornyeckMm npusHakam (AramMeTp LBeTKa, KOMYEeCTBO NenecTKOB, A/IMHA LIBETOHOCA, BbICOTa KyCTa) TakKe
CBMAETENbCTBYET O JOCTOBEPHbIX OTNNUmAX (p < 0.05) copTa KOMCOMONBbCKMIA OFOHEK OT OCTasIbHbIX COPTOB FPYMMbl
rpaHgudnopa. leHaporpamma, NOCTPOEHHaA Ha OCHOBaHMN MONEKYNIAPHOrO aHanM3a, Nokasana oTcyTcTBre 6nms3-
Koro pofcTBa copta KOMCOMObCKNIA OFOHEK 1 rpynnbl KopAesnu, KoTopble GopMmMpoBanu oTaenbHbIn knactep. Mpu
nonapHoOM cpaBHeHVM MOPPONOrMyecKmnx nokasarenen copta KoOMCoMonbCKMiA OrOHEK 1 rpynnbl KOpAe3nmn obHapy-
KeHo pocToBepHoe pasnuumne (p < 0.05) No Tpem U3 YeTbipex N3yYeHHbIX MPU3HAKOB, 3a UCKIIIOYEHEM AMameTpa
uBeTKa (Mpu cpaBHeHUU ¢ copTamu Dortmund v JleTHre 3BE3abl1) 1 ANIMHE LBETOHOCA (MpuY CpaBHeHWM ¢ Myuynoukon).
HecmoTpa Ha To UTo KOMCOMONBCKIMIA OFOHEK Mo GeHoPUTMIKE CXOX ¢ copTom Dortmund u3 rpynnbl Kopgesuu, mosne-
KyNsApHbIA aHanu3 He NO3BONAET OTHECTU ero K faHHON rpynne po3. Takue copTa, GeHOTUNMYECKM OTAnYatoLwmecs ot
obuelt Maccbl 1 obnagatoLyme pAAOM LieHHbIX MPU3HAKOB, ABMAITCA LIeHHENLLNM CeNeKLMOHHbIM MaTepranom.

KntoueBble cnoBa: Rosa L.; rpaHaudnopa; po3bl Kopgeca; ISSR-mapkepbl; Mopdonornyeckme npusHaky; deHonormye-

CKue HabnogeHus.

Introduction

Roses (Rosa L.) are among the oldest plants cultivated by man
not only for decorative use but also for perfumery, medical
and culinary purposes. The genus includes about 200 species;
however, only 10—15 of them have contributed to the garden
groups of modern roses (Cairns, 2007). According to the
modern classification, the world’s entire collection represented
by 40,000 cultivars is subdivided into 36 horticultural groups
(Annotated Catalog ..., 2018; Plugatar et al., 2019). The most
valuable quality of the cultivars from the Tea-Hybrid, Flori-
bunda, Grandiflora, Rosa Kordesii, Polyanthus and Miniature
groups is their ability for remontant flowering (Klimenko,
2010; Gorodnyaya, 2014; Tyshchenko, 2015), which is bio-
logically conditioned by the presence in their hereditary basis
of the genetic material from the evergreen species of section
Indicae that do not tolerate winter well and are not prone to
winter dormancy.

One of the main criteria for selecting garden rose culti-
vars promising for cultivation in harsh climatic conditions is
flowering of their annual shoots (Vasilyeva, 1999). However,
this biological feature is not characteristic of all garden groups
and not of all species of the same garden group, . g. most cul-
tivars of large-flowered climbing (LCl.) roses produce genera-
tive shoots on perennial shoot formation systems (SFSs) that
die almost every year due to severe winters (Pashina, 2011;
Kapelyan, 2017; Plugatar et al., 2018). For that reason, in terms
of rose gardens grown in continental climate, along with the
Tea-Hybrid and Floribunda, such groups as Grandiflora and
Rosa Kordesii are of great interest.

The Grandiflora (Gr.) roses were bred in the 1950s solely
based on their morphological characters and with no regard
to the origin, they resulted from crossed Floribunda and Tea-
Hybrid roses. They are praised for their abundant and remon-
tant flowering, as that of the Floribunda, as well as for the
long straight shoots with large flowers of different colors
resembling those of the Tea-Hybrid. Unlike the latter, the
Grandiflora roses grow not single flowers but small-flower
inflorescences. The most important character of the group
has been their growth strength and higher winter hardiness if
compared to Tea-Hybrid roses.

Kordes Roses, or Rosa Kordesii, is a relatively young gar-
den group, selected from a spontaneous Rosa rugosa x Rosa
wichuraiana hybrid by the W. Kordes’ Sohne Company,

whose breeding priority has been selection of unpretentious
and winter-hardy forms. Their features are abundant flowering
from June to late fall, high winter hardiness and increased re-
sistance to diseases (Bardakova, 2017; Adritskaya, Kapelyan,
2022). In harsh climates, these roses grow flowers on annual
shoots, which can make them a substitute for the climbing
roses flowering on perennial SFSs and poorly surviving Sibe-
rian winters.

A striking representative of Rosa Kordesii is the Dortmund
roses that are often used in breeding as a parental form for
being resistant to fungal diseases. In the Nikitsky Botani-
cal Garden, Z.K. Klimenko cultivated such Rosa Kordesii
cultivars as Letniye Zvyozdy and Gutsulochka (Klimenko,
Rubtsova, 1986) that have proved to be highly decorative and
stable in harsh climatic conditions. Queen Elizabeth is the
most popular representative of the Grandiflora group, known
for its decorative features and complex resistance, and for
these reasons it has been repeatedly used in breeding. Among
the Russian members of the group, Komsomolsky Ogonyok
(Charlotte Wheatcroft x Gloria Dei cross) is the most popular.
Its long-term trials carried out in the Central Siberian Botani-
cal Garden of the Siberian Branch of the Russian Academy of
Sciences (CSBG SB RAS) demonstrated that it was phenotypi-
cally different from the Grandiflora group but had similarities
with Rosa Kordesii. For that reason, the research presented in
this paper was to evaluate the cultivars from the Grandiflora
and Rosa Kordesii groups based on their morphological and
molecular genetic characters in order to determine the kin-
ship within the groups and to possibly establish whether the
phenotypically distinguished cultivars belonged to one of the
groups mentioned.

An additional goal was investigating CSBG SB RAS col-
lection’s gene pool for valuable forms to perform further
breeding. Considering Siberia’s harsh continental climate,
we searched for cultivars of high winter hardiness, resistant
to fungal diseases and characterized by remontant and pro-
longed flowering.

To evaluate the collection’s genetic polymorphism, ISSR
(inter simple sequence repeats) analysis was employed. The
technique interprets the DNA sequences flanked by micro-
satellite loci, has good reproducibility and does not require
cloning and sequencing of DNA fragments for primer selec-
tion, thereby significantly reducing its cost and labor intensity.
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Considering that the number of microsatellite repeats is very
high in the genome in both animals and plants, this method is
avery convenient tool for genetic analysis (Amom, Nongdam,
2017; Dorogina, Zhmud, 2020).

Materials and methods

In our study, we investigated the roses of the Grandiflora
(Gurzuf, Lezginka, Korallovy Syurpriz, Queen Elizabeth,
Komsomolsky Ogonyok, Love) and Rosa Kordesii (Letniye
Zvyozdy, Dortmund, Gutsulochka) groups. The Grandiflora
roses had (1) small inflorescences of large flowers in different
colors; (2) tall bushes reaching up to 2 m in height if grown
in southern Russia; (3) large and glossy leaves; (4) abundant,
remontant flowering; (5) sufficiently high winter hardiness,
which is favorable for Siberia. The Kordesii roses, on the other
hand, were characterized by high winter hardiness, resistance
to diseases and abundant long flowering. In a continental
climate, this group can partially substitute climbing roses be-
cause they flower on annual shoots.

The roses’ morphobiological characters such as flower
diameter, number of petals, peduncle length, and bush height
were studied during five summer seasons from 2017 to
2021. The study was carried out at CSBG SB RAS’s Col-
lections of Living Plants in Open and Protected Grounds,
USU 440534 (54°49'13.8" N 83°06'13.3" E). To evaluate the
morphobiological characters, standard methods were applied
(Methodology of State Variety Testing..., 1968; Klimenko
et al., 2019; Suprun, 2021). Phenological observations were
carried out according to I.N. Beideman’s method (1974) with
modifications (Fomina, 2012). Student’s #-test was used to
confirm the reliability of the differences obtained for metric
characters (Haynes, 2013). Average mean and standard error
M + x were calculated using 20 plants.

For DNA isolation, the CTAB method with some modifica-
tions was used (Doyle J.J., Doyle J.L., 1987). Amplification
was carried out according to the following program: primary
denaturation for 2 min at 95 °C; 35 amplification cycles —
denaturation for 20 sec at 94 °C, primer annealing for 45 sec,
elongation for 1.5 min at 72 °C; final elongation for 7 min at
72 °C. PCR and further electrophoretic separation of ampli-
fication products were performed in 1-1.5 % agarose gel in
1x TBE buffer according to standard methods (Vasilyeva et al.,
2020). The list of ISSR primers used in this work, their cha-
racteristics and annealing temperatures are given in Table 1.
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Quantitative assessment of marker polymorphism and
determination of the level of divergence between the studied
forms were performed in a binary matrix where the presence
or absence of PCR fragments of equal size was denoted as 1
or 0. For statistical data processing, the TREECON software
(Van de Peer, Wacher, 1994) was used. The genetic distances
were calculated as:

GD,, = 1 - 2N, /(N, + N,).

Here, N, is the number of total fragments for samples x and y,
Ny and N, are the number of fragments for samples x and y,
respectively (Nei, Li, 1979).

The nearest neighbors algorithm with bootstrap support of
at least 100 was employed to build ISSR marker distribution
dendrograms. The polymorphism level (P, %) of each primer
was calculated by the formula:

P =100 x N,/N,

where N, is the number of polymorphic fragments and N is
the total number of fragments.

Results
The vegetation period of roses in Siberia includes the following
stages: aftergrowth; current-year shooting; budding; first (I)
and second (II) flowering; defloration. As for more favorable
climatic conditions in some, mainly southern, regions of Rus-
sia, garden roses have a third (IIT) flowering stage. The long-
time average annual data accumulated during phenological
observations of 20172022 demonstrated that the Grandiflora
roses had earlier shooting regrowth than the Kordesii ones,
despite the winter shelter being removed from the entire col-
lection at the same time (Table 2). The time required for the
shoots to produce the first flowers is more extended in the
Kordesii roses, which is due to the more powerful shoots with
a greater number of internodes than those of the Grandiflora;
however, reflowering was less prolonged in the Kordesii roses.
Among the studied cultivars, the earliest flowering was
observed in the foreign Grandiflora roses (Love and Queen
Elizabeth). The time Queen Elizabeth entered the flowering
phase on average came at the 61st day after removing winter
shelters and beginning of vegetation, which was significantly
(p <0.01) different from all the cultivars studied, except for
Love: its time to flowering was close to that of Queen Eliza-
beth. The other cultivars bloomed in 72-79 days from the

Table 1. Characteristics of ISSR primers used to study Grandiflora and Kordes Roses

Primer Sequence, 5'-3’ Annealing temperatures, °C
HB12 ............................................................ (CAC) 3GC ..................................................... 42 ................................................................
178993 ......................................................... (CA)GGG ....................................................... 42 ................................................................
UB C807 ........................................................ (AG)gT .......................................................... 52 ................................................................
UB C834 ........................................................ (AG)SYT ........................................................ 60 ................................................................
UBC855 ........................................................ (AC)SYT ........................................................ 50 ................................................................
M2 ................................................................ (AC)BYG ........................................................ 50 ................................................................
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Table 2. Long-term phenological data of rose cultivars from the Grandiflora and Kordes Roses groups

(Novosibirsk, 2017-2021)

Cultivar Spring Bud First bloom cycle Second bloom cycle

sprouting FOTIMGLION """+ esssssssss s ess e e R s R

Beginning  End Duration, Beginning  End Duration,
days days

......................................................................................................... G randlﬂoragroup
Gurzuf ................................... 070512170612 .......... 090712 ........ 2407i416 ..................... 1208i4 ........ 071012 ........ 57 ....................
Lezgmka ............................... 0405i4 ......... 1506i21207i2 ........ 30071,319 ..................... 1708i2 ........ 2209i3 ........ 37 ....................
Korallovy Syurpriz 05053 0906+2  07.07+3 2707¢2 21 1208+3  1010%2 60
QueenEhzabeth ................... 0205i3 ......... 0506i3 .......... 260613 1407i2 19 ..................... 0308i2 ........ 0210i3 ........ 61 .....................
‘KomsomolskyOgonyok 04052  1806+2  0907+2 25073 17 N08+2 2809¢3 39
Love ...................................... 050513 ......... 070613 .......... 290614 ........ 220712 ........ 24 ..................... 1408i3 ........ 031014 ........ 51 .....................
....................................................................................................... RosaKordes"group
Letmyez\,yozdy ................... 1005i3 ......... 200612 .......... 090713 ........ 280712 ........ 20 ..................... 1808i3 ........ 21 09i3 ........ 35 ....................
Dortmund ............................. 0805i2 ......... 230614140712 ........ 31071,318 ..................... 2408i4 ........ 26091,3 ........ 33 ....................
Gutsmochka ......................... 1005i4 ......... 2006i3 .......... 0807i3 ........ 0308i3 ........ 27 ..................... 1908i3 ........ 1909i3 ........ 32 ....................

Table 3. Morphological characters of rose cultivars from the Grandiflora and Kordes Roses groups

Cultivar Flower diameter, cm

Queen Elizabeth 8.75+0.22 29.92+0.71
Korallovy Syurpriz 927018 24754081
Gurzuf 1024i019 .......................... 3565i091
Lezgmka ..................................... 897i023 .......................... 25201079
Love ............................................ 9421020 .......................... 3285i084
Komsomolsky Ogonyok 7924014 2125+064
Dortmund .................................. 7581,017 ............................ 675i166
Gutsulochka 680£017 2560098
LetmiyeZwyordy 8204017 42154160

beginning of vegetation with Lezginka and Komsomolsky
Ogonyok being the latest-blooming in the Grandiflora group.

Study of the phenological phases demonstrated that Komso-
molsky Ogonyok entered the budding phase later than all the
other grandiflora flowers, so Komsomolsky Ogonyok, by this
indicator, was closer to the Kordesii. Moreover, Komsomolsky
Ogonyok’s second flowering started later than that of other
representatives of the Grandiflora group and was similar to
that of the Kordesii roses. Its phenorhythmics! turned out to

1 Phenorhythmics describes the phenological rhythms of growth and develop-
ment of organisms, adapted to the seasonal rhythm of environmental factors
and expressed in a clear alternation of phenological phases. The alternation of
phenophases is illustrated by phenospectra (Dedu, 1989).
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Number of petals per flower Peduncle length, cm

be closest to that of the Dortmund cultivar from the Kordesii
group (see Table 2).

Such morphological characters as flower diameter, number
of petals, peduncle length and rose-bush height were inves-
tigated. The cultivars were compared separately by garden
groups according to the classification of the World Federation
of Rose Societies (WFRS). The analysis demonstrated that
Komsomolsky Ogonyok also significantly differed from the
other cultivars (Table 3): it had statistically significant diffe-
rences (p < 0.05) for all characters with Queen Elizabeth and
Lezginka, as well as for three characters (flower diameter,
number of petals and bush height) with Korallovy Syurpriz.
Comparison against Gurzuf and Love also showed statistically
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Fig. 1. Electrophoregram of PCR products obtained by DNA amplification
with ISSR primer HB12 - (CAC);GC.

Tracks with designation of samples: 7 — Komsomolsky Ogonyok, 2 - Queen
Elizabeth, 3 - Korallovy Syurpriz, 4 - Lezginka, 5 - Gurzuf, 6 - Love; track M -
DNA marker.

significant differences (p < 0.05) for two characters (flower
diameter, number of petals). The found pheno- and morpho-
logical characters gave us grounds to assume that Komsomol-
sky Ogonyok should not be referred to the Grandiflora group
because its small flower diameter and small number of petals
made it closer to the Kordesii roses.

However, comparing Komsomolsky Ogonyok’s morpho-
metric characters to those of the Kordesii revealed statistically
significant differences as well (p < 0.05): it differed from
Dortmund and Letniye Zvyozdy by the number of petals,
flower stalk and bush heights, and from Gutsulochka by flower
diameter, number of petals and bush height.

So, the analyzed phenological phases and morphometric
characters showed that Komsomolsky Ogonyok differed from
the cultivars of both groups. To assess the degree of kinship,
ISSR analysis was employed.

DNA amplification with six ISSR primers identified
122 PCR fragments ranging from 250 to 3,000 bp in length,
including 109 polymorphic ones. The number of amplifica-
tion fragments ranged from 18 (markers HB12 and UBC834)
to 23 (17899B) (Fig. 1). The level of polymorphism detected
by a single primer ranged from 77.8 % (HB12) to 94.4 %
(UBCS855) and averaged to 91.42 %.

Mopdonornyeckunin n MoneKynapHbI aHaIM3 COPTOB PO3 2024
13 CafioBbIX FPynn rpaHAndnopa v po3bl Kopaeca 28+1
0.7 0.6 0.5 04 0.3 0.2 0.1
04 Lezginka
61 —— Queen Elizabeth
Korallovy
70 Syurpriz
Gurzuf
35
Love
Komsomolsky

Ogonyok

Fig. 2. Dendrogram built with the Neighbor-Joining algorithm based on
PCR spectra data of cultivars from the Grandiflora group.

Numbers at nodes show the level of statistical support (100 bootstrap repli-
cates). Numbers at the top show genetic distance.

Based on the obtained results, the samples in the study
were divided into three clusters (Fig. 2): Cluster I including
Lezginka, Queen Elizabeth and Korallovy Syurpriz; Clus-
ter II including Gurzuf and Love. Komsomolsky Ogonyok
was found to be the most distant from the other cultivars and
formed a separate Cluster III.

Queen Elizabeth, bred in the middle of the 20th century,
has been widely used for breeding new cultivars, and most
likely was a parental one for the Lezginka roses bred in the
Nikitsky Botanical Garden in 2005, which was evidenced by
the statistically significant? (>90) genetic distance (0.1).

At the next stage of our study, we compared Komsomol-
sky Ogonyok with the cultivars from the Kordesii group.
This comparison revealed 103 amplified fragments ranging
from 350 to 2,000 bp in length, including 97 polymorphic
ones. The total number of identified fragments ranged from
15 (UBC855) to 19 (HB12) (Fig. 3). The level of poly-
morphism detected by a single primer ranged from 88.9 %
(17899B) to 100 % (M2) and averaged to 94.25 %.

The comparison showed no affinity between the Komso-
molsky Ogonyok and Kordesii roses (Fig. 4). The highest
kinship score was found for Dortmund and Letniye Zvyozdy.
Apparently, the Dortmund cultivar was a parental one in this
pair. Gutsulochka was also found to be related to the Dort-
mund and Letniye Zvyozdy cultivars, but their kinship was
less pronounced and its statistical significance was somewhat
lower, so these three cultivars of the Kordesii group were
brought into Cluster IV.

Thus, the results of molecular analysis as well as investiga-
tion of the pheno- and morphometric parameters of the roses
in the two groups have shown that Komsomolsky Ogonyok
stands out from the members of both groups.

Discussion

The classification system for garden roses has been refined
and undergone various, sometimes diametrically opposed,
changes over the past 50 years; until the 1970s, the world’s

2 Confidence measure for a node of interest of >70 (95 % Cl) is considered as
highly reliable.
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Fig. 3. Electrophoregram of PCR products ob-
tained by DNA amplification with ISSR primer
UBC855 - (AC)gYT.

Tracks with designation of samples: 7 - Dortmund,
2 - Letniye Zvyozdy, 3 - Komsomolsky Ogonyok,
4 - Gutsulochka; track M — DNA marker.

garden roses amounted to approximately
25,000 cultivars subdivided into 30 gar-
den groups (Bylov et al., 1972). In the
1980s (Klimenko, Rubtsova, 1986), fo-
reign specialists in rose breeding and va-
rietal evaluation reduced the number of
garden groups to 16. One of the most
prominent examples of this merger was
the Rambler (climbing roses) group now
uniting the Multiflora and Wichuraiana
roses. Initially, these groups had clear
differences, as they were bred from two
different species belonging to the same
Synstylae section, Rosa multiflora Thunb.
and R. wichuraiana, respectively. But fur-
ther crosses between these groups resulted
in cultivars with the characters common
to the original species, and obvious dis-
tinction between the groups disappeared.
Remarkably, modern molecular genetic
studies (Cui et al., 2020) still distinct the
original species.

Morphological and molecular analysis of rose cultivars
from the Grandiflora and Kordesii garden groups

0.5 0.4 0.3 0.2 0.1

Dortmund

88

50 Letniye Zvyozdy

Gutsulochka

Komsomolsky Ogonyok

Fig. 4. Dendrogram built based on ISSR-PCR data for cultivars from the Kordes Roses group.

Numbers at nodes show the level of statistical support (100 bootstrap replicates). Numbers at the top
show genetic distance.

The genetic studies to clarify taxonomic, phylogenetic relationships in roses are
intensively developing. They include building genetic, genomic and transcriptomic
tools to investigate the molecular mechanisms underlying the creation of some rose
species (Bendahmane et al., 2013; Duta-Cornescu et al., 2017; Li et al., 2018). In
particular, the genetic kinship of the Taif roses to some rose genotypes (Rosa sp.)
was assessed based on random amplified polymorphic DNA and simple sequence
repeat markers inter and simple (El-Assal et al., 2014), and Chinese researchers
identified the transcripts common to the rose family, which should help clarify
the phylogenetic relationships in it (Li et al., 2018).

Rose introduction and breeding has had a long and complex history since the
plant has been crossbred in completely different regions of the world, such as
Europe, Asia and the Middle East. Domesticating the rose, breeders have con-
centrated on several characters affecting flower quality such as periodic flower-
ing; terry flowers; petal coloration and fragrance (Bendahmane et al., 2013).
So, stimulation of flowering, flower longevity, and creation of novelty in flower
structure, color range and fragrances are the main objectives of ornamental plant
breeding today. New genome editing techniques offer new opportunities to study
the rose’s gene function and develop new cultivars for the floriculture industry
(Giovannini et al., 2021). Knowing the genetic structure of a species, genus or
family allows for more rational use of the available gene pool by optimizing
initial breeding forms selection.

Over the past two decades, the molecular basis of floral fragrance as well as
its genetic inheritance have been studied in the rose, providing useful informa-
tion for both researchers and manufacturers (Yan et al., 2014; Shi, Zhang, 2022).
A complex research carried out by French, Chinese and German scientists has led
to the sequencing of the genome of the tea rose (Rosa chinensis), a progenitor
species for many modern cultivars, and the genes presumably responsible for its
remontancy have been discovered. They have also found that the synthesis of the
volatiles giving the flower its fragrance and the pigments responsible for its color
are coordinated by the same tandem of a protein and a non-coding microRNA
(Raymond et al., 2018).

Conclusion

As has been mentioned above, the world’s entire assortment of garden and park
roses exceeds 40,000 cultivars subdivided into 36 garden groups. Many of them
have no clear confirmation of their origin, e. g., the only indication of the Dort-
mund cultivar’s origin in the catalogs is Seedling x R. kordesii. In this situation,
creating scientific collections of roses, their gene pools, and passportization of
their cultivars becomes of great importance, because intervarietal rose hybridiza-
tion within the same garden group has largely exhausted itself. It is necessary
to search for new cultivars, primarily among the Tea-Hybrid, Floribunda and
Grandiflora groups. Apart from high ornamentality, these cultivars are to have
distinguishing morphological, rhythmological and resistance characters for use
in breeding as paternal and maternal forms.
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In the present study, rose cultivars from the bioresource
scientific collection of CSBG SB RAS (USU 440534) belong-
ing to the Grandiflora and Kordesii garden groups were inves-
tigated. The study has demonstrated that the Komsomolsky
Ogonyok cultivar has different molecular genetic, pheno- and
morphological characters than those of the Grandiflora group
it belongs to. At the same time, it is not closely related to the
investigated Kordesii cultivars, despite being close to them
in flower size and phenorhythmics.

Such cultivars that are phenotypically different from others
and possess a number of valuable characters — primarily win-
ter hardiness, resistance to fungal diseases, and decorative,
remontant and prolonged flowering — are valuable breeding
material. Our research has shown it is Komsomolsky Ogo-
nyok that can be recommended for breeding rose cultivars for
regions with harsh climatic conditions. The polymorphism
revealed from ISSR marking data can be used for molecular
genetic passportization, which is a necessary step for account-
ing and conservation of the gene pool of valuable cultivars.
The advantage of this approach is that the ISSR technique is
polylocus, has a large number of PCR amplification products
and does not require sequencing in polyacrylamide gels.
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Manifestation of agronomically valuable traits in the progeny
of a sorghum mutant carrying the genetic construct
for RNA silencing of the y-kafirin gene
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Abstract. Improving the nutritional value of grain sorghum, a drought- and heat-tolerant grain crop, is an important
task in the context of global warming. One of the reasons for the low nutritional value of sorghum grain is the resis-
tance of its storage proteins (kafirins) to proteolytic digestion, which is due, among other things, to the structural
organization of protein bodies, in which y-kafirin, the most resistant to proteases, is located on the periphery, encap-
sulating more easily digested a-kafirins. The introduction of genetic constructs capable of inducing RNA silencing
of the y-kafirin (gKAFT) gene opens up prospects for solving this problem. Using Agrobacterium-mediated genetic
transformation of immature embryos of the grain sorghum cv. Avans we have obtained a mutant with improved
digestibility of endosperm proteins (up to 92 %) carrying a genetic construct for RNA silencing of the gkAF1 gene.The
goal of this work was to study the stability of inheritance of the introduced genetic construct in T,-T, generations, to
identify the number of its copies, as well as to trace the manifestation of agronomically valuable traits in the offspring
of the mutant. The mutant lines were grown in experimental plots in three randomized blocks. The studied lines were
characterized by improved digestibility of kafirins, a modified type of endosperm, completely or partially devoid of
the vitreous layer, an increased percentage of lysine (by 75 %), reduced plant height, peduncle length, 1000-grains
weight, and grain yield from the panicle. In T, a line with monogenic control of GA resistance was selected. qPCR
analysis showed that in different T; and T, plants, the genetic construct was present in 2-4 copies. In T, a line with a
high digestibility of endosperm proteins (81 %) and a minimal decrease in agronomically valuable traits (by 5-7 %)
was selected.

Key words: Sorghum bicolor; transgenic plants; RNA silencing; kafirins; gPCR; grain quality; endosperm texture.
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AHHOTaUuMA. YnyyleHre nuTaTeNbHON LLEHHOCTN 3€PHOBOTO COPro — 3aCyXOYCTONYMBOW M XapOCTONKON 3epHOBOM
Ky/NbTypbl, C/ly»allen NCTOYHUKOM KOPMOBOIO Y MPOAOBOJSIbCTBEHHOTO 3€PHa BO MHOMMX 3aCyLUMBbIX pPermoHax
MUpa, — BaxKHaA 3afjaya cenekuyun B yCnoBuUAxX rnobanbHoro notenneHna knumata. OgHON 13 MPUYNH HU3KOW NiTa-
TeSIbHOW LIeHHOCTW 3epHa COPro ABMAETCA YCTOMYMBOCTb €ro 3anacHbix 6enkoB (KaduprHOB) K MPOTEONNTUYECKOMY
paciyenneHunto, 0bycnoBieHHas, B TOM UYMCie CTPYKTYPHO opraHu3auyvein 6enkoBbixX Tenel, B KOTOPbIX Hanbonee
YCTONUMBBIA K AENCTBUIO NpoTeas y-KadupuH pacrnonaraeTcs no nepudeprun, UHKancynupysa 6onee nerko nepe-
BapuBaemble a-KadupurHbl. BBeieHME reHeTUUECKNX KOHCTPYKLMIA, CMOCOBHbIX K MHAYKUMKU PHK-calineHcmnHra reHa
y-KadurpuHa (gKAF 1), oTKpbIBaeT NepPCNeKTMBbI Af1A peLleHmns 3Tol NpobnemMbl. Hamu y copTa 3epHOBOro copro ABaHc
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A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

nocpeacTBoM arpobakTepuanbHON TpaHCcPopMaLummM C UCMONb30BaHMEM LWTaMMa, Hecyllero B coctaBe T-[IHK reHe-
TNYeCKy KOHCTpyKumio ana PHK-canneHcrHra reHa gKAF1, nonyyeH MyTaHT C ynyylleHHOW NepeBapnuBaemMoCTbio
6enkoB sHpocnepma (Ao 92 %). Lenb HacToAwel paboTbl — U3yyeHne CTabubHOCTY HacNedoBaHUA BBEAEHHON re-
HEeTUYECKOW KOHCTPYKLUN B NOKOMEHUAX T,—T,, YCTAHOBNIEHNE YMCIa ee KOMWIA, a TakkKe NMPOABAEHNA BaXKHENLWNX
ceneKUMOHHO-LieHHbIX MPU3HAKOB Y MOTOMCTBA NOJlyYeHHOro MyTaHTa. MyTaHTHble IMHMM BblpaLLMBanmn Ha SKcnepu-
MeHTanbHoM yuyactke OefjlepanbHOro arpapHoOro Hay4yHoro ueHTpa lOro-Boctoka B Tpex peHAOMM3NPOBaHHbIX 610-
Kax. Viccnepyemble NHUM XapaKTepu3oBanvcChb yny4lleHHOWN nepeBapriBaeMoCTbio KadprprHOB, MOANPULIMPOBaH-
HbIM TUNOM 3HAOCMNEPMa, NOJIHOCTbIO UM YaCTUYHO NNLLEHHbIM CTEKSTOBUAHOIO CN10A, NMOBbILWEHHBbIM MPOLEHTHbIM
copfeprkaHuem nusnHa (Ha 75 %), CHUXXEHHOW BbICOTOM pacTeHWI, AANHON NOAMETENbYATOrO MeXXA0Y3M1A, Maccon
1000 3epeH 1 ypoxxaem 3epHa ¢ MeTenku. B nokoneHnm T, oTobpaHa IMHMA C MOHOFEHHbIM KOHTPOEM YCTONUYNBOCTI
K rmiodocnHaty ammonma. AHanms qPCR nokasan, 4To y pasHbIX pacTeHWiA 13 NoKoneHuin T3 n T, reHeTUYecKas KoH-
CTPYKLUMA NPUCYTCTBYET B ABYX-YeTblpex Konuax. B nokoneHun T; oTobpaHa IMHMA C BbICOKOW NepeBapuBaemoCcTbio
6enKoB aHgocnepma (81 %) N MAHUMAaNbHBIM CHUXEHEM CeNeKLMOHHO-LIeHHbIX NPY3HaKoB (Ha 5-7 %).

KntoueBble cnosa: Sorghum bicolor; TpaHcreHHble pacteHus; PHK-canneHcuHr; Kaduputbl; qPCR; kKauecTBO 3epHa;

TEKCTypa 3HAoCnepmMa.

Introduction

RNA interference (RNAI) is one of the most important natural
mechanisms for regulating gene expression and antiviral cell
defense. As is known, the mechanism of RNAI is based on
the degradation of single-stranded mRNA in the presence
of complementary short RNA, which leads to disruption of
protein synthesis and silencing of the expression of the cor-
responding gene. These short interfering RNAs (siRNAs),
20-25 nucleotides long, are transcribed from natural DNA
sequences present in the genome or artificially created genetic
constructs encoding hairpin RNAs (hpRNAs) (Guo et al.,
2016; Muhammad et al., 2019). This design consists of sense
and antisense sequences of the target gene mRNA in the form
of inverted repeats, which are separated by a spacer sequence.
A splicable intron is often used as a spacer in such genetic
designs because it improves the efficiency of RNA silencing
in plants (Smith et al., 2000).

The sense and antisense sequences in the transcribed RNA
are complementary to each other and form hpRNA, which is
processed by Dicer-like proteins (DCLs). DCL proteins ge-
nerate siRNAs from a precursor, hpRNA. One strand of the
siRNA duplex is incorporated into the Argonaute protein
(AGO), forming the RNA-induced silencing complex (RISC).
The siRNA molecule directs RISC to the complementary
region of the single-stranded RNA, after which AGO cleaves
the target mRNA (Zhuravlyov et al., 2022; Bharathi et al.,
2023).

RNAI technology is frequently used in functional genomics
and genetic engineering of plants, since it makes it possible
to create mutants that are resistant to biotic and abiotic stress
factors, as well as to regulate the expression of genes involved
in the synthesis and catabolism of important metabolites and
reserve nutrients, including proteins, carbohydrates and lipids
(Bharathi et al., 2023). This approach has been used to obtain
mutants with an altered spectrum of seed storage proteins in
cultivated cereal species, including maize, wheat, rice, and
sorghum (Elkonin et al., 2016a).

The use of RNAi technology for regulating accumulation of
seed storage proteins is of particular importance for sorghum,
since it is believed that one of the reasons for the relatively
low nutritional value of sorghum grain is the resistance of its
storage proteins (kafirins) to proteolytic digestion, due, among
other things, to the structural organization of protein bodies, in
which the one most stable to the action of proteases, y-kafirin,

is located at the periphery, encapsulating the more easily
digestible a-kafirins (Oria et al., 2000; de Mesa-Stonestreet
etal., 2010; Duressa et al., 2018). It has been shown that sup-
pression of the synthesis of different classes of kafirins leads
to modification of the structure of endosperm protein bodies,
a decrease in the resistance of kafirins to protease digestion,
and compensatory synthesis of other proteins with a higher
lysine content (da Silva et al., 2011a, b; Kumar et al., 2012;
Grootboom et al., 2014; Elkonin et al., 2016D).

Previously, through Agrobacterum-mediated genetic trans-
formation, a genetic construct capable of inducing RNA si-
lencing of the y-kafirin gene (gKAFI), which is a part of the
T-DNA vector pNRKAFSIL (Elkonin et al., 2016b), was in-
troduced into the genome of the commercial grain sorghum
cultivar Avans. In one of the T, plants, all kernels had a floury
endosperm type and were characterized by a high level of
kafirins digestibility (up to 93 %), which was significantly
higher than the level of digestibility in the cv. Avans (57 %)
(Elkonin et al., 2021). T plants inherited these traits, as well
as resistance to ammonium glufosinate caused by the bar gene,
which was also present in the T-DNA of the pNRKAFSIL
vector (Borisenko et al., 2022).

The purpose of this work was to study the stability of
inheritance of the introduced genetic construct in T,—T, ge-
nerations, its copy number, as well as the manifestation of the
most important agronomically valuable traits in the offspring
of the mutant, including the amino acid composition of flour
and the digestibility of its proteins in an in vitro system.

Materials and methods

The original mutant with high digestibility of grain proteins
(Avans-1/18) was obtained in an experiment on Agrobacte-
rium-mediated genetic transformation of the new commer-
cial cultivar Avans of grain sorghum (Sorghum bicolor (L.)
Moench) using Agrobacterium tumefaciens strain GV3101,
carrying the binary vector pPNRKAFSIL (Elkonin et al., 2021).
This vector contains a genetic construct consisting of a fragment
(309 bp) of the y-kafirin gene (GenBank acc. No. M73688) in
direct and inverted orientation, which are separated by the
maize ubil-intron sequence (Fig. 1) (Elkonin et al., 2016b).
This construct should suppress gKAF1 expression via RNA
interference. The T-DNA of this vector also includes the bar
gene under the control of the nos-promoter, which determines
resistance to ammonium glufosinate (GA).
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Fig. 1. T-DNA of the pNRKAFSIL vector (Elkonin et al., 2016b).

DIRKAF, INVKAF - fragments of the sorghum y-kafirin gene (GenBank Acc. No. M73688) in direct and inverted orientation;
maize ubiT-intron; 35S — 35S-promoter of cauliflower mosaic virus; Pnos — nos-promoter; nos-T — nos-terminator; P1-P4 - posi-

tions of primers used in PCR analyses.

The progeny of the RNAi mutant Avans-1/18 was grown in
a growth chamber (photoperiod: 16 hours day/8 hours night;
t°: 28/22 °C), or in a greenhouse, and in experimental plots
in the field of the Federal Center of Agriculture Research of
the South-East Region (Saratov, Russia).

To study inheritance of the genetic construct for silencing,
panicles of transgenic plants were carefully isolated with
parchment bags before flowering. In addition, they were
crossed as paternal parents with lines with cytoplasmic male
sterility (CMS) A2 KVV-181, A2 KVV-114 and A2 O-1237.

Assessment of resistance to ammonium glufosinate.
To study the resistance of the progeny of transgenic plants
to GA, the kernels were sterilized with Domestos, then with
HgCl, (0.1 %), after which they were soaked in a GA solution
(2.5 mg/) for 20 hours. After that, the embryos were removed
from the soaked kernels and placed on a hormone-free MS
nutrient medium containing filter-sterilized GA (2.5 mg/1). The
embryos were cultivated in a growth chamber (photoperiod:
16 hours day/8 hours night; t° 26-28 °C) for three weeks.
Under this regime, seedlings carrying the bar gene developed
normally and reached 10 cm in three weeks, while the deve-
lopment of seedlings not carrying the bar gene was inhibited
at the coleoptile growth stage.

Endosperm texture. The texture of the endosperm was de-
termined on transverse sections of mature kernels. The fol-
lowing endosperm types were distinguished: modified, which
included the floury type, floury with interspersed vitreous
endosperm and floury with a thin, often “blurred” rim of the
vitreous layer, and regular endosperm with a thick vitreous
layer.

PCR analysis. Genomic DNA was isolated from leaves
using a modified CTAB method. The presence of a genetic
construct for RNA silencing was checked using PCR analysis
with primers that amplified a 588-bp fragment of the maize
ubil-intron (P1 (5'—3’) tgtcttggttgtgatgatgtggte; P2 (5'—3):
gcgtatgaaggcagggetaaa), which is an important component of
RNALI genetic construct, ensuring its stability and functional
efficiency (Smith et al., 2000), and the fragment of the nos-
promoter that controls the bar marker gene, 201 bp long
(P3 (5'—3"): tgagactctaattggataccgagg; P4 (5'—3'): tttggaac
tgacagaaccgcaac) (primer positions are indicated in Fig. 1).
PCR was carried out using DNA amplifiers MasterCycler
(Eppendorf, Germany) and T100 (Bio-Rad, USA). PCR condi-
tions were as follows: for the nos-promoter: 95 °C (2 min);
40 cycles [95 °C (30 s), 64 °C (30 s); 72 °C (1 min 10 s)];
72 °C (7 min). For ubil-intron: 95 °C (2 min); 40 cycles [95 °C
(1 min), 56 °C (1 min), 72 °C (1 min 30 s)]; 72 °C (10 min).
The amplified fragments were visualized by electrophoresis

in a 2.0 % agarose gel. PCR analyses of each sample were
performed in two replications.

qPCR analysis. The copy number of the genetic construct
for RNAi was determined using quantitative PCR by amplify-
ing a 119 bp fragment of sorghum anthranilate phosphoribo-
syl transferase gene (4PRT, Sobic.002G303300), selected as
a reference gene (Casu et al., 2012; Wang et al., 2021), and a
201 bp fragment of the nos-promoter. The reaction mixture
contained 2 pl of genomic DNA (10 ng/ul), 10 pl of a ready-
made amplification reaction mixture containing the interca-
lating dye SYBR Green (2X HS-qSYBR-blue, Biolabmix,
Russia) and 0.4 pmol of each primer; the total volume of the
reaction mixture was 20 pl; the number of replications was
three. PCR mode: 1 cycle of 95 °C (2 min), then 40 cycles of
[95 °C (15 s), 60 °C (20 s) + detection on the FAM channel,
72 °C (20 s)]. qPCR was performed using a LightCycler 96
real-time PCR instrument (Roche, Switzerland). The primers
for the APRT gene were as follows (F (5'—3")): tgacacattccc
aacctcaa and R (5'—3’): atctctctcectgagtggea) (Wang et al.,
2021); primers for the nos-promoter are described above. The
concentration of genomic DNA and primers was determined
using a Nanodrop One C UV spectrophotometer (Thermo
Fisher Scientific, USA) by measuring absorbance at wave-
lengths of 230/260/280 nm. Data analysis and determina-
tion of PCR efficiency were performed using the certified
LightCycler® 96 Software, version 1.1.0.1320.

Analysis of total protein content in grain. The total grain
protein content of plants from T, and T, was analyzed using
the Kjeldahl method.

Digestibility of grain proteins. To study the digestibility
of grain proteins, pepsin treatment of whole-grain flour was
used (Aboubacar et al., 2001; Nunes et al., 2004; Wong et
al., 2009). A sample of flour (20 mg) was incubated in 5 ml
of a 0.15 % pepsin solution (Carl Roth, Germany) (Art.-Nr.
KK38.1, 2000 FIP-U/g) in 0.1 M potassium phosphate buffer
(pH 2.0) for 120 min at 37 °C with occasional shaking.

To quantify digestibility, a method based on scanning the
electrophoretic spectra of proteins obtained in SDS-PAGE was
used (Aboubacar et al., 2001; Wong et al., 2009; Elkonin et
al., 2013). Proteins were isolated from digested and control
samples using extraction buffer (0.0625 M TRIS-HCIL, 2 %
SDS, 5 % 2-mercaptoethanol, pH 6.8). Samples were sub-
jected to SDS-PAGE in 12.5 % (w/v) PAGE; 10 pl of extract
was applied to each lane. Protein molecular weight markers
(14-116 kDa) (Thermo Scientific) were used as standards.
Gels were stained with Coomassie Brilliant Blue R-250. After
electrophoresis, the gels were scanned using ChemiDocTM
(Bio-Rad); protein amounts were determined using Image
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Lab 6.1 (Bio-Rad). The digestibility value was calculated as
the percentage of the difference between the volume of protein
in the control sample and in the sample treated with pepsin to
the volume of protein in the control sample. The experiments
were performed in two replications.

HPLC analysis of the amino acid composition of flour
proteins. To analyze the total content of amino acids, 10 ker-
nels were examined from transgenic plants T; 190-1, 190-3,
190-4 and the original cv. Avans. Ground meal samples
(15 mg) were hydrolyzed with 1.5 ml of 6N HCI (at t° of
106 °C for 24 h) under nitrogen. Identification of amino
acids was carried out using a pre-column modification with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate accord-
ing to the Waters AccQ-Tag method using a WAT 052880
reagent kit. The analysis was carried out by HPLC on a Knauer
Smartline chromatograph using reverse phase chromatogra-
phy on a Kromasil — 110 C18/2.5 pkm (2 mmXx 150 mm).
Detection was performed at A 248 nm. The injection volume
was 20 ul. Samples were analyzed in triplicate. Quantitative
calculation of the amino acid content in sample hydrolysates
was carried out using the external standard method — 250 pM
of analytical amino acid standard (AAS18 Fluka).

Evaluation of agronomically valuable traits. To study
the influence of the RNAI genetic construct for silencing the
gKAF'1 gene on the manifestation of agronomically valuable
traits, the Ts and T4 progeny of four T; transgenic plants, as
well as the original Avans variety, were grown in 4 meter rows
in three replications in the experimental field of the Federal
Centre of Agriculture Research of the South-East Region. All
panicles of plants were carefully bagged with parchment bags
before flowering. The following traits were analyzed: plant
height, peduncle length, weight of 1000 grains, and grain yield
per panicle. In each replication, the average value of the trait
was determined in 10—15 plants.

Methods of biological statistics. To assess differences in
the in vitro digestibility of proteins of the studied samples,
dispersion analysis and Duncan’s Multiple Range Test were
performed using the AGROS software package, version 2.09
(S.P. Martynov, Institute of General Genetics of RAS). Data
on the manifestation of agronomically valuable traits were
processed by one-way dispersion analysis using the AGROS
software package.

Results and discussion
PCR analysis of plants from T,—T, generations with primers
to the ubil-intron separating inverted fragments of the gKAF/
gene in the pNRKAFSIL vector, and to the nos-promoter that
controls the expression of the bar gene, showed the stability
of inheritance of the genetic construct during self-pollination.
In the T, generation, the progeny of four T; plants was ana-
lyzed, each of which was PCR-positive for both loci studied
(Nos. 1-3, 190-1, 190-2, 190-4), as well as the progeny of
plant No. 190-3, which was PCR negative for the ubi/-intron,
but PCR positive for the nos-promoter (Elkonin et al., 2021).
It was found that all 12 T, plants from the T, family No. 1-3
and all 8 T, plants from the T; family No. 190-4 were PCR
positive for both loci tested (Table 1). At the same time, in the
T, families — the progeny of plants 190-1 and 190-2 — segrega-
tion was observed, and PCR-negative plants for both loci were
present. No PCR-negative plants were found in the T3 and T,

A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

generations. This fact indicates the stability of inheritance of
the introduced genetic construct.

PCR analysis of F| hybrids between T, plants and different
CMS lines showed the possibility of transmitting the intro-
duced genetic construct through pollen. It is noteworthy that
among the F; hybrids with the CMS line A2 KVV-114, one
plant that was PCR positive for the nos-promoter but PCR
negative for the ubil-intron was found. We previously found
a similar case among T, plants (Elkonin et al., 2021). These
facts indicate that in some cases there may be a disturbance of
the integrity of the integrated T-DNA and the elimination of
the genetic construct for silencing. A significant predominance
of PCR-positive plants in T,, as well as among F; hybrids,
indicated the presence of several unlinked copies of the genetic
construct in T, plants.

Resistance to ammonium glufosinate. To further study
the inheritance of the genetic construct for RNA silencing,
the progeny of a number of plants from T,—T; generations
was grown on a nutrient medium containing ammonium glu-
fosinate (2.5 mg/l), resistance to which is determined by the
presence of a bar gene. In different plants, different segregation
patterns were observed: 15:1 (plant No. 182-3), indicating the
presence of two copies of the genetic construct; monogenic
segregation 3:1 (No. 124-3; 124-3-9; 124-3-10), indicating
the presence of one copy of the construct; in the progeny of
plants No. 150-15, 124-3-3, 190-4, no segregation was ob-
served, which suggested homozygous nature of these plants
(Table 2). Considering that the plant 124-3-3 was obtained
from the progeny of plant 124-3, which segregated as a mono-
heterozygote (3:1), it is quite obvious that in the plant 124-3-3,
the genetic construct for the silencing of the gKAFI gene is
present in one copy in a homozygous state. No resistant plants
were observed in the progeny of plant 190-3, as well as in the
original cv. Avans.

Endosperm texture. Analysis of the endosperm texture
in kernels of plants from different generations of the RNAi
mutant Avans-1/18 showed the inheritance of a modified endo-
sperm type (floury or floury with vitreous inclusions) (Fig. 2),
characteristic of the mutant kernels, up to the T4 generation. In
the panicles of T and T, plants, due to their heterozygosity,
a 3:1 or 15:1 segregation (modified endosperm type: normal
vitreous endosperm) was observed, which indicated the pre-
sence of one or two copies of the genetic construct (Table 3).
In the T and T, generations, segregation of the kernels with
vitreous endosperm was absent, as a rule, indicating the ho-
mozygous state of the introduced genetic construct.

It is noteworthy that in many kernels a combined type of
endosperm was observed, in which the floury endosperm
was interspersed with sectors of vitreous endosperm, or the
vitreous endosperm was present in the form of a thin, often
“blurred” peripheral layer (see Fig. 2). The formation of these
types of endosperms did not depend on the number of copies of
the construct (see below) and, possibly, reflected the peculiar
properties of its expression under environmental conditions
that change during kernel maturation.

Similar “combined” endosperm types were described pre-
viously in other works on the introduction of genetic constructs
for silencing kafirin genes (da Silva, 2012; Elkonin et al.,
2016b), as well as in recombinant lines obtained by hybridiza-
tion of the P721Q mutant, characterized by high digestibility
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MyTaHT copro c reHeTMyeckolm KOHCTPYKLMen
nns PHK-caiineHcurHra reHa y-kadupriHa

Table 1. Inheritance of the genetic construct for RNA silencing of the gKAFT gene
in the progeny of the RNAi mutant of grain sorghum Avans-1/18 during self-pollination and in crosses with CMS lines

T, plant Progeny ubil-intron nos-promoter
Tota| ................... P CR+” ............. P CR"_” R -|- ota| .................. P CR,+” ............. P CR P
............................................................................................................ Se|f_po|||nat|on
1 3 (ub,1+ . no 5+) .................... 13/20 (TZ) ................... 1 2 ....................... 1 2 ....................... R 1 2 ...................... 1 2 ....................... R
197/21”3) ................... 6 ........................ 6 ...................... I s R
153/22(1_4) ................... 7 ........................ 7 ....................... I s R
1 9 0 1 (Ub” + n OS+) ............... 181/2 1(-|-2) .................. 1 9 ...................... 1 8 ....................... 1 ......................... 1 9 ...................... 1 8 ....................... 1 .......................
1 9 0 2 (Ub” + ,, 05+) ............... 182/2 1(-|-2) .................. 1 5 ....................... 1 2 ....................... 3 ......................... 1 5 ....................... 1 2 ....................... 3 .......................
150/22”3) ................. 14 ...................... 14 ...................... R s R
1903(Ub”_nos+) ............... 183/21(1_2) .................. s e 3 s 3 .......................
1 9 0 4 (Ub” + n OS+) ............... 184/2 1(-|-2) .................... 8 ........................ 8 ...................... e 8 ........................ 8 ...................... R
152/22(1-3) ................. 11 ....................... ” ....................... e i R
.................................................................................................... F1hybr|dsw|thCMs|mes
AZva181/T11902 ................................................. 17 ...................... 134 ........................ 17 ...................... 134 ......................
A2 01237/ -|-11901 .................................................. 1 5 ....................... 1 2 ....................... 3 ......................... 1 5 ....................... 1 2 ....................... 3 .......................
A2KVVH4/-|-11901 ................................................. 18 ...................... 16 ....................... 2 ......................... 1 8 ...................... 17 ....................... 1 .......................

Table 2. Segregation for resistance to ammonium glufosinate in the progeny of some plants of the Avans-1/18 mutant

carrying genetic construct for RNA silencing of the gKAFT gene

Plant No. Number of plants Ratio 12 p
tota| .......................... r es,stant ................... S ensmve .................
T1No190_2(n05+)progeny .................................................................................................
1243/21(1-2) ................. 106 ........................... 8 1 .............................. 2 5 .............................. 3 10”3 ......................... o 75<p<050 .........
1823/21(1_2) ................. ”0 ........................... 101 ............................ 9 ................................ 1 510701 ......................... 0 50<p<025 .........
15015/22(1_3) ............... 100 ........................... 100 ........................... i e
T2N0124_3(nos+)progeny .................................................................................................
12433(1-3) ................... 3 5 .............................. 3 5 .............................. R e
12439(T3) ................... 7 049 ............................. 2 1 .............................. 3 10933 ......................... 0 50<p<025 .........
124310“—3) ................. 2 9 .............................. 2 1 .............................. 6 ................................ 3 101” ......................... 0 75<p<050 .........
T1N0190_4(n05+)progeny .................................................................................................
1904/21(1_1) ................. 3 0 .............................. 3 0 ............................. R R
T1No190_3(nos_)progeny .................................................................................................
1518/22(1-3) ................. 3 0 .............................. S 3 0__ ................................ R

of kafirins and floury endosperm, with common sorghum lines
with low kafirin digestibility and regular vitreous endosperm
(Tesso et al., 2006). Considering that the floury endosperm
type is accompanied by a number of negative agronomic traits
(Duressa et al., 2018), lines with such combined endosperm
types and improved protein digestibility should have higher
breeding value.

Analysis of the number of copies of RNAi genetic con-
struct. To clarify the copy number of the genetic construct for
silencing of gKAF'I in T5 and T, plants, quantitative PCR ana-
lysis (qQPCR) was carried out with primers to the nos-promoter,
while the sorghum 4APRT gene, which was previously used in
experiments to identify the number of copies of transgenes in
different plant species, including sorghum (Casu et al., 2012;
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Fig. 2. Cross sections of kernels from the progeny of the RNAi grain sorghum mutant Avans-1/18 (a, b) and the original non-transgenic cv. Avans (c).

A thick layer of vitreous endosperm is noticeable in the kernels of the original cultivar (c) and there is a complete absence of vitreous endosperm (a) or a blurred
layer of vitreous endosperm in the kernels of transgenic T, plants (b).

Table 3. Segregation by the endosperm type in the kernels of some plants from different generations of the RNAi-mutant Avans-1/18

Plant No., generation Number of kernels, endosperm type Ratio X2 p
(modified:
Total  Modified With a regular regular)

o ) ) vitreous layer
floury  with vitreous inclusions

No. 1T, ubil+bar+ 18 13 5 (around the periphery) - - - -

1-3, T, ubil+bar+ 7 7 - - - - -

1-6, T, ubil—bar- 8 - - 8 - - -

190-1, T, ubil+bar+ 72 58 - 14 3:1 1.185 0.50-0.25
190-2, T, ubil+bar+ 87 58 16 13 3:1 4693 <0.05
190-3 T, ubil—bar+ 16 - - 16 - - -

190-4, T, ubil+bar+ 29 29 - - - - -

1-3-5, T, (from T, 1-3) ubil+bar+ 8 8 - - - - -

1-3-10, T, (from T, 1-3) ubiT+bar+ 8 4 4 (around the periphery) - - - -
181-II-5, T, (from T, 190-1) ubil+bar+ 353 99 152 102 3:1 2.856 0.05-0.01
182-1-8, T, (from T, 190-2) ubil+bar+ 70 55 1 4 15:1 0.034 0.90-0.75
182-11-3, T, (from T, 190-2) ubil+bar+ 288 114 149 24 15:1 2.133 0.25-0.10
182--10, T, (from T, 190-2) ubiT+bar+ 267 149 118 - Homozygote

184-1-8, T, (from T, 190-4) ubil+bar+ 407 148 229 - Homozygote

184-1-2, T, (from T, 190-4) ubil+bar+ 70 52 18 - Homozygote

150a-1, T; (from T, 182--8) ubil+bar+ 93 26 17+50 (around the periphery) 7 15:1 0.096 0.90-0.75
150a-12, T5 (from T, 182-1-8) ubil+bar+ 100 16 26+58 (around the periphery) - Homozygote

150a-15, T; (from T, 182-1-8) ubiT+bar+ 100 26 52+22 (around the periphery) - Homozygote

152a-10, T5 (from T, 184-1-8) ubiT+bar+ 101 33 19+49 (around the periphery) - Homozygote

197-6, T (from T, 1-3-5) ubiT+bar+ 311 166 116429 (around the periphery) - Homozygote

153a-6, T, (from T5 197-6) ubil+bar+ 100 33 9+58 (around the periphery) - Homozygote

153a-4, T, (from T3 197-6) ubi1+bar+ 100 35 13452 (around the periphery) - Homozygote
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Wang et al., 2021), was used as a reference control. In addition,
the copy number of the introduced genetic construct was also
calculated using DNA from the plant No. 124-3-9 (T,), which
was segregated as a mono-heterozygote (3:1), was also used
as a reference control (see Table 2).

It was found that in those plants that, based on the results of
segregation analysis for the bar gene, were expected to have
one copy of the genetic construct, the copy number, according
to qPCR data, was the lowest (0.6...0.9; on average 0.76+£0.06)
(Table 4). At the same time, in the plant No. 124-3-3 — a pu-
tative homozygote with two copies of the genetic construct —
the copy number, according to qPCR data, was 2 times higher
(1.4+0.2). These data show that our qPCR analysis quite
accurately reflects the copy number of the construct under
study, and the results obtained using it are trustworthy.

The analysis revealed variations in the number of copies
of the genetic construct for RNA silencing in different T
plants. Thus, plant No. 150a-15 from the T; 190-2 family
had two copies of the construct (see Table 4). Considering
the lack of segregation for the bar gene (see Table 2) and for
the endosperm type in the kernels formed on its panicle (see
Table 3), it is obvious that it is a mono-homozygote. At the
same time, in the plant No. 150a-12, the copy number was
significantly higher, indicating the presence of three-four
copies of the genetic construct. The presence of individuals
with two and four copies of the construct from the progeny
of the same T, plant (190-2) indicates the presence of two
independent T-DNA insertions. This assumption is confirmed
by the di-hybrid segregation pattern (15:1) for the bar gene
and for the endosperm type in the progeny of some plants
from the 190-2 family.

Thus, the data of classical genetics and qPCR quite ac-
curately agree with each other and indicate the presence of at
least two independent copies of the genetic construct for RNA
silencing in the parental T transgenic plant. Noteworthy is the
high copy number of the construct in plants from the progenies
of T, 190-4 and 1-3 plants in T3 and T, generations, which
carried at least four copies of the genetic construct.

In vitro digestibility of grain proteins. An assessment
of the digestibility of grain proteins obtained from whole-
ground kernels set on panicles of T, and T, plants showed
the inheritance of a high level of protein digestibility found
in T, generation, although the values in most T, plants were
slightly lower than the values of this trait in T;. Plants grown
with artificial watering during grain maturation (2 times per
7-8 1/m?) had higher digestibility compared to plants grown
in the absence of additional watering (Table 5). Apparently,
conditions of higher water availability contribute to more effi-
cient expression of the genetic construct for silencing. Kernels
with a floury endosperm type and with endosperm contain-
ing inclusions of vitreous endosperm had the same level of
protein digestibility (Fig. 3). At the same time, kernels with a
regular vitreous endosperm had lower digestibility compared
to kernels with a mutant type of endosperm (floury or with
vitreous inclusions).

Remarkably, in the plant 184-1-7, an unusual floury type
endosperm with a pink coloration was found. This coloration
is possibly conditioned by polyphenols, which normally de-
termine the color of the vitreous layer of the endosperm in
the kernels of the original cv. Avans. The flour obtained from
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Table 4. The number of copies of the genetic construct
for RNA silencing of the gkAFT gene in different plants
from the T; and T, generations according to qPCR results

Transgenic plant Copy number in relation

124-3-10 T,, mono-heterozygote  0.9+0.2 1.1£0.3
124347, mono-heterozygote 0801 10%02
124387, mono-heterozygote 0600 08+01
On avera ge .......................................... 0761 006 ...................................
for mono-heterozygotes
12433T, mono-homozygote 14802 21202
150a4-|-3 .............................................. 23i01 .......... 29102 .................
150a12-|-3 ............................................ 291 05 .......... 36107 .................
150a15T3 ............................................ 151, 01 .......... 191,01 .................
............................................ T11904progeny
15621-2 ................................................ 40i05 .......... 51i07 .................
152a3-|-3 .............................................. 41i02 .......... 51i04 .................
152a10-|-3 ............................................ 42103 .......... 53105 .................
152a14T3 ............................................ 33+03 .......... 411,05 .................
T113progeny .............................................
153341-4 .............................................. 40i02 .......... 50i04 .................
153a6-|-4 .............................................. 291,02 .......... 371,03 .................
153a3-|-4 .............................................. 33103 .......... 41104 .................
153b2T4 .............................................. 351 07 .......... 44109 .................
153b1-|-4 .............................................. 20i01 .......... 26i02 .................
159-5 non-transgenic sibling 002400 003400
Avan Songma|cv ................................ 0031,00 ....... 0041,00 ...............

T Copy number was calculated in relation to mono-heterozygote,
No. 124-3-9 (T,).

the same plant had a similar coloration. The digestibility of
proteins in such flour was slightly lower than that of flour
from other plants, possibly due to the inhibition of pepsin
action by polyphenols.

The total protein content in the grain of T, plants de-
creased by 7.5-17.3 % compared to the original cv. Avans:
12.8-14.3 % vs. 15.5 %, while the percentage of lysine in
the grains of plant No. 190-4 increased by 75 % (see Supple-
mentary Material)!, which may have been a consequence of
re-balancing protein synthesis in the grains of transgenic plants
and the appearance of proteins with higher lysine content

1 Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Elkonin_Engl_28_1.pdf
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A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

Table 5. In vitro grain protein digestibility in plants from the progeny of the Avans-1/18 mutant

carrying the genetic construct for RNA silencing of the gKAF1 gene

Plant Additional Endosperm type Digestibility, % Grain protein content, %
watering'!
....................................................................................................................... -|-1
19 01 Ub” +bar+ ..................... + .................................... |: |oury ........................................................ S 1 28 a ....................................
19 03 Ub” _ba,+ ..................... + .................................... R egma r Vm—eo us ....................................... 7 53 b ................................ 1 45 b ...................................
19 04Ub” +ba,+ ..................... + .................................... |: |oury ........................................................ 9 22 c ................................. 1 43 b ...................................
Avans O ngm a .I. cv .................... + .................................... R egma r V,treo us ....................................... 5 23 a ................................ 1 55 c ....................................
F ........................................................................................................................................................ 5 58946* ........................... 5 197* ...................................
LS DOS ................................................................................................................................................ 5 1 ...................................... 0 6 9 ......................................
.......................................................................................................... Tz(fromT11904)
18 4|8 ...................................... + .................................... F |oury ........................................................ 7 98 h ................................ 9 16 a ....................................
W,th\,,treousmdusmns ......................... 8 10 . h, .............................
18 4|7 ...................................... + .................................... |: |ouryp, n k .............................................. 6 24 a ................................ s
18 4|2 ...................................... + .................................... |: |oury ........................................................ 7 50 efgh ........................... ”13 de ...............................
1164 ........................................ R 71Odee ......................... s
1165 ........................................ e 722def936a ...................................
182|8 ...................................... + 761efgh .......................... 1163ef ................................
18 2 ”3 ..................................... + .................................... |: |oury ........................................................ 7 93 h ................................ e
W,thv,treous ,ndUS,ons ......................... 7 76 gh .............................. s
R e gmarwtreous ...................................... 7 14 Cdef ........................... R
.......................................................................................................... Tz(fromnwoz)
12 43 ........................................ R |: |oury ........................................................ 6 36 a ................................ 1 322 h .................................
Regu|ar\,,treous644a ..............................
............................................................................................................ Ts(fromT”-?’)
19 75 ........................................ + .................................... |: |oury ........................................................ 8 03 h ................................ 1188 f ..................................
1976 ........................................ + 7889h ............................. 12789h ...............................
Avans 0 ngm a .I. CV .................... + .................................... R egma r V,treo us ....................................... 5 93 a ................................ ”09 de ...............................
F ........................................................................................................................................................ 16988** ........................... 3 7257* ................................
|_5 Dos ................................................................................................................................................ 5 735 ................................. 0 6 18 ....................................

T Additional watering: 2 times per 8 I/m? during the period of grain maturation; * p < 0.05, ** p < 0.01; data denoted by different letters significantly differ

at p < 0.05 according to Duncan’s Multiple Range Test.

compared to y-kafirin. This re-balancing of protein content
has been previously described in many cereal RNAi mutants
with genetic constructs that suppress prolamine synthesis
(Elkonin et al., 2016a). The protein content in the grain of
different T, plants varied from 9.2 to 12.8 % and in most of
the studied plants it did not differ significantly from the origi-
nal cv. Avans (11.1 %). In two plants from family No. 190-4
(184-1-8 and 116-5), apparently containing two copies of
the genetic construct, the protein content was significantly
lower (9.2-9.4 %). However, the influence of the number
of copies of the genetic construct for silencing the gKAF'1
gene on the total protein content in grain requires additional
investigation.

70

Analysis of agronomically valuable traits. To study
the manifestation of agronomically important traits in the
plants carrying the genetic construct for RNA silencing of
the y-kafirin gene, in 2020, a few T plants were grown in an
experimental plot under field conditions. It was found that
these plants have a reduced height compared to the original
cv. Avans: 82.3+1.7 cm and 100.8+3.4 cm, respectively
(p <0.01). These differences were also observed in T, ge-
neration: 81.5-91.6 cm, on average, in different T, families,
compared to 104.1 cm for the original cultivar (p < 0.05)
(2021 data). In this connection, for a more detailed study of the
manifestation of the main agronomically valuable traits in the
mutant, T; families (the progeny of three T, plants Nos. 190-2,
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Fig. 3. SDS-PAGE of grain proteins of the original cv. Avans and plants of Avans-1/18 after pepsin treatment of the flour.

1-3, 15-17 - original cv. Avans; 4, 5 - T; 190-4; 6-11 — T, 184-I-8 (progeny from 190-4); 6-8 - grains with floury endosperm; 9-17 - grains
with floury endosperm interspersed with vitreous endosperm; 12-14 — T, 184-1-7 (progeny from 190-4) - grains with pink floury endo-
sperm. 1,2,4,6,7,9,10, 12,13, 15, 16 - after treating of the flour with pepsin; 3, 5, 8, 11, 14, 17 — without pepsin treatment (control). The
positions of different classes of kafirins are marked with arrows. Dotted arrows indicate proteins belonging to the globulin fraction.

Table 6. Manifestation of some agronomically important traits in the progeny of the mutant Avans-1/18

(averages from three replications)

Line Plant height, cm Peduncle length, cm 1000 grain weight, g Grain yield per panicle, g
Avans, o ngl n a .I. C V .......................... 1 046 c .................................. 120 b .................................... 3 25C ..................................... 3 22 c .....................................

-|-3 1 50 (fr omT1 1 90_2) u b ”+1 .......... 9 16 ab ................................. 74 a ..................................... 2 97 a bc ................................. 2 46 a .....................................

T3 1 51 (fr OmT1 1 90_3) u b ”_ ........... 9 10 ab ................................. 74 a ..................................... 3 18 bc .................................. 2 71 ab ..................................

-|-3 1 52 (fr omT1 1 90_4) u b ”+ ........... 8 66 a .................................... 51 a ..................................... 2 80a ..................................... 2 22 a .....................................

-|-4 1 53 (fr OmT1 1 _3)Ubl 1+ ............... 9 79 bc ................................. 74 a ..................................... 2 91 a b .................................. 2 60 b ....................................

. F ......................................................... 1 0764* .............................. 1 0848* .................................... 3446* .................................. 1 205 1* .................................

LSD 05 ................................................... 7 0 ...................................... 2 5 .......................................... 3 0 ......................................... 2 9 .......................................

1The presence of the genetic construct for RNA silencing of the gKAFT gene (based on the results of PCR with primers for the ubil-intron). Data denoted
by different letters are significantly different at p < 0.05, according to Duncan’s Multiple Range Test.

190-3, 190-4, which were grown in the field), and one T4
family (the progeny of T, plant No. 1-3 from the greenhouse)
were grown in 2022 in experimental plots, in 3 replications.
It was found that all the studied lines of transgenic origin
derived from a single initial T, plant differ from the original
cv. Avans in reduced plant height, shortened peduncle and
reduced grain yield per panicle (Table 6). Such a decrease in
the manifestation of these traits in mutants carrying genetic
constructs for RNA silencing of prolamin genes is described
for the first time in cereals. Such a change in plant height and
peduncle length may be a consequence of off-target effects of
expression of a genetic construct for RNA silencing, which
are well known and described in the literature (Jackson et al.,

2003; Senthil-Kumar, Mysore, 2011). However, this explana-
tion seems unlikely since in the line No. 151 (progeny of plant
190-3), this construct was eliminated, while the short stature
and shortened peduncle were preserved.

Another explanation may be the insertion of the genetic
construct for RNA silencing into one of the loci that controls
plant height and peduncle length. Similar facts of induction
of mutations in genes encoding various plant traits as a result
of T-DNA insertion are widely known (Wilson et al., 2006;
Deineko et al., 2007; Ram et al., 2019). In most cases, such
insertions lead to plant DNA deletions that disrupt the func-
tional activity of genes. Previously, mutations of short stature
caused by T-DNA insertion, including mutation of the locus
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that controls gibberellin synthesis, which is involved in the
regulation of plant height, were described in Arabidopsis
(Feldmann et al., 1989; Chiang et al., 1995). In sorghum, we
were unable to identify any reports on the induction of mutants
by T-DNA insertion in the available literature.

The weight of 1000 grains was significantly reduced in two
lines carrying the RNA-silencing construct (Nos. 152, 153).
Obviously, such a decrease in the weight of 1000 grains is a
consequence of modification of the endosperm type, since in
the loose floury endosperm, there are air cavities between the
starch granules. It is noteworthy that in line No. 151 (progeny
of plant 190-3), in which the kernels, due to the elimination
of the RNA-silencing construct, had a regular endosperm
with a thick vitreous layer, there were no significant diffe-
rences for this trait from the original cv. Avans. The absence
of significant differences between the original cultivar and
line No. 150 is also possibly explained by the presence of
heterozygous plants, the panicles of which contain kernels
with vitreous endosperm (see Table 3). Thus, the decrease in
1000-grain weight is a direct consequence of the expression of
the gKAF'I gene RNA-silencing construct. A similar decrease
in 1000-grain weight was described in sorghum RNAi mutants
obtained in the African variety P898012, carrying a genetic
construct for RNA silencing of two y-kafirin genes, 27 and
50 kDa (Ndimba et al., 2017).

Such a decrease in grain weight could not but cause a
decrease in grain yield per panicle, which was observed in
all transgenic lines we obtained, and in this regard, a change
in this trait is also a consequence of the expression of the
introduced genetic construct. At the same time, the drop in
grain yield may also be due to a reduced development power
of plants due to T-DNA insertion into one of the loci that
controls plant height, since this trait was also reduced in line
No. 151, in which the silencing construct was eliminated. In
this regard, a decrease in grain yield per panicle may also be
a consequence of insertion mutagenesis induced by T-DNA.

It should be noted that the presence of several unlinked
copies of the genetic construct, apparently integrated into dif-
ferent regions of the genome, which, due to the effect of gene
position, may differ in their effect on the phenotypic traits of
plants, opens up the possibility of selecting lines that combine
improved protein digestibility with the required manifestation
of agronomically valuable traits. Thus, a line was identified
(No. 153, T4 derived from Ty 1-3), in which plant height and
grain yield per panicle were reduced to a lesser extent (by
5-6 %), while the level of protein digestibility reached 81 %
(see Table 5). In this regard, this line may be of greater interest
for practical breeding.

Conclusion

The results of this study indicate that the genetic construct
for RNA silencing of the sorghum y-kafirin gene (gKAF1) is
represented in the genome of different plants from T; and T,
generations of the RNAi mutant Avans-1/18 in 2—4 copies,
which, apparently, are a consequence of two independent
events of T-DNA integration. This construct is stably inherited
and expressed in the T; and T4 generations, modifying the en-
dosperm texture, improving protein digestibility (up to 81 %,
compared to 52—59 % in the original cultivar), and increasing
the percentage of lysine (by 75 %). At the same time, cases

A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

of disturbances of the integrity of the integrated T-DNA and
elimination of the genetic construct for silencing have been
recorded. Transgenic plants of the RNAi mutant Avans-1/18
are characterized by reduced plant height, shortened peduncle,
reduced 1000-grain weight, and panicle grain yield. A line
(T3) with high digestibility of endosperm proteins (81 %)
and a minimal decrease in agronomically valuable traits (by
5-7 %) was isolated.
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Halo-RPD: searching for RNA-binding protein targets in plants

A.O. Shamustakimova
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Abstract. Study of RNA-protein interactions and identification of RNA targets are among the key aspects of under-
standing RNA biology. Currently, various methods are available to investigate these interactions with, RNA immuno-
precipitation (RIP) being the most common. The search for RNA targets has largely been conducted using antibodies
to an endogenous protein or to GFP-tag directly. Having to be dependent on the expression level of the target protein
and having to spend time selecting highly specific antibodies make immunoprecipitation complicated. Expression of
the GFP-fused protein can lead to cytotoxicity and, consequently, to improper recognition or degradation of the chi-
meric protein. Over the past few years, multifunctional tags have been developed. SNAP-tag and HaloTag allow the
target protein to be studied from different perspectives. Labeling of the fusion protein with custom-made fluorescent
dyes makes it possible to study protein expression and to localize it in the cell or the whole organism. A high-affinity
substrate has been created to allow covalent binding by chimeric proteins, minimizing protein loss during protein
isolation. In this paper, a HaloTag-based method, which we called Halo-RPD (HaloTag RNA PullDown), is presented. The
proposed protocol uses plants with stable fusion protein expression and Magne® HaloTag® magnetic beads to capture
RNA-protein complexes directly from the cytoplasmic lysate of transgenic Arabidopsis thaliana plants. The key stages
described in the paper are as follows: (1) preparation of the magnetic beads; (2) tissue homogenization and collection
of control samples; (3) precipitation and wash of RNA-protein complexes; (4) evaluation of protein binding efficiency;
(5) RNA isolation; (6) analysis of the RNA obtained. Recommendations for better NGS assay designs are provided.

Key words: A. thaliana; HaloTag; RNA-binding proteins; RNA pulldown assay; RNA-protein complexes; cold-shock
domain protein.
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Halo-RPD: B nnouckax muiieHeli PHK-cBsSI3bIBaIOUINX
O6e/IKOB pacTeHU

A.O. lllamycTaknMoBa

Bcepoccninckuii HayuHo-UcceAoBaTeNIbCKUN UHCTUTYT CENbCKOX03ANCTBEHHOI GroTexHonoruv, Mocksa, Poccus
® nastja_sham@mail.ru

AHHoTayus. /3yueHne PHK-6eKkoBbIX B3aMogencTsuin u ngeHtndrkauma PHK-mMuLLeHen OTHOCATCA K BaXKHENLWMM
acnekTam noHWMaHuA 6uonormn PHK. K HacTosAwemMy BpemeHV NpeanoXeHbl pasfvyHble METOAbl U3YYEHUA TaKux
B3aMMOAENCTBUN; OLHUM U3 LUIMPOKO PacnpocTpaHeHHbIx asnaeTca nmmyHonpeuunutauma PHK (RIP). bonbwmHCTBO
paboT no novcky PHK-muweHen 66110 NpoBeAeHO C NCMOMb30BaHEM aHTUTEN HEMOCPEACTBEHHO Ha SHAOTEHHbIN Ge-
NOK 1K e Ha GFP, cnnTbil € LenesbiM 6enkoM. 3aBNCUMOCTb OT YPOBHSA SKCNpeccun Lenesoro 6enka 1 nogbop cneyu-
dUUHBIX aHTVTEN 3HAUNTENbHO 3aTPYAHAIOT KIaCCMYECKyo MMMyHoMpeumnuTaumio. benok xe, cnntbiin ¢ GFP, Hepegko
MOXET ObITb LIUTOTOKCMYEH, YTO B AalbHelLWeM NpUBeEeT K ero HenpaBuiibHOMY y3HaBaHWIo U/uUnu gerpagaumu. B no-
cnefiHue rofpl 6bin paspaboTaH pag MynbTUPYHKLMOHaNbHbIX Taros, Bkntoyas SNAP-tag n HaloTag. Takue Taru cno-
COOCTBYIOT U3YUEHMIO LieneBblX GeIKOB C Pa3HbIX CTOPOH. [InA HMX co3faHbl GriyopecLeHTHbIe KpacuTenu, CrocobHble
NPOYHO CBA3bIBATLCA C ONpefesieHHbIM Y4acTKOM Tara. 3To NO3BOJIAET KaK 13yyaTb HapaboTKy XMMepHoro 6eska, Tak
1 ONpefenATb ero NoKanu3aumo HeNoCPeACTBEHHO B KIETKE MM BO BCEM opraHu3me. [1na Takux Taros paspaboTaHbl
Takke BblcokoaddUHHbIE CybCTpaThl, KOBaNIEHTHO CBA3bIBAOLLME XMMEPHbIE 6eJIKU, UTO 3HAUUTENIbHO COKPALLAEeT NoTe-
pu B Xo4e BblaeneHus. B gaHHol paboTe npeacTaBneH MeTof, OCHOBaHHbIM Ha cucteme HaloTag, KOTopbI Mbl Ha3Banu
Halo-RPD (HaloTag RNA PullDown). B npoToKone Mcnosnb3yTca pacTeHnsa co CTabuibHON SKCnpeccuen XMMepHoro
6enKa 1 marHuTHble Wapukn Magne® HaloTag® Beads ana 3axsata PHK-6enKoBbix KOMMIEKCOB HEMOCPeACTBEHHO U3
LMTONIa3MaTMYECKOTO NN3aTa TPaHCreHHbIX pacteHuii Arabidopsis thaliana. MprBoaMTCA onMcaHe OCHOBHbIX 3TanoB:
1) NoAroToBKa MarHUTHbIX LIAPUKOB; 2) rOMOreHn3aums TKaHel 1 oTbop KoHTponel; 3) ocaxkaeHre 1 oTmbiBka PHK-
6enKOBbIX KOMMEKCOB; 4) onpefeneHre 3¢deKTUBHOCTY CBA3bIBaHUA 6erKa; 5) BbliaeneHne PHK; 6) aHanus nonyyeH-
How PHK. JaHbl pekoMeHAaumny Ana NnaHMpoBaHUA SKCNepUMeHTa No BbICOKOMPOU3BOANTENbHOMY CEKBEHMPOBAHMIO.
KnioueBble cnosa: A. thaliana; HaloTag; PHK-cBa3biBatowme 6enku; coocaxkpeHue; PHK; PHK-6enkoBble KomnieKcbl;
6e510K C JOMEHOM XONOA0BOrO LUOKA.
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Introduction

RNA-binding proteins play a major part in complex cellular
processes, such as differentiation, development, responses
to biotic and abiotic stress factors, and post-transcriptional
control.

In recent years, the variety of methods for studying RNA-
protein interactions has expanded significantly (Ramanathan
et al., 2019). However, some older technologies, such as
RNA-immunoprecipitation (RIP), still remain rather common
(Brooks, Rigby, 2000). The latter is based on in vivo mapping
of RNA-protein interactions using crosslinking agents, such as
ultraviolet or formaldehyde. Currently, RIP is used in the vast
majority of studies investigating RNA-protein complexes in
plants (Koster, Meyer, 2018; Frydrych Capelari et al., 2019;
Seo, Chua, 2019; Steffen et al., 2019).

Despite its wide use, RIP has several downsides, e.g.
UV radiation induces the formation of the irreversible covalent
bond between a protein and RNA; formaldehyde not only
binds the protein of interest to RNA but crosslinks its partner
proteins as well; highly specific antibodies are required for
a successful outcome.

HaloTag-fused proteins are used in the proposed proto-
col as an alternative to RIP (Los et al., 2008). Initially, the
HaloTag technology was intended and successfully used for
precipitation of protein-protein and DNA-protein complexes
from bacterial and mammalian cell lysate (Urh et al., 2008).
However, in the last few years, the technology was adapted
(van Dijk et al., 2015; Banks et al., 2016; Li et al., 2020) and
modified (Gu et al., 2018) to identify RNA-protein complexes
in tissue cells in humans and animals.

So far, there have been only two papers, the authors of which
investigated the use of HaloTag technology for the search of
partner proteins in plants (Samanta, Thakur, 2017; Ren et
al., 2020). In the first paper, the authors analyzed mediator
proteins in transgenic plants of rice, and in the second one,
the binding site of transcription factor ZmNST3 in transgenic
plants of maize was investigated.

The goal of the present study was to design a protocol for
isolating RNA-protein complexes from the cytoplasm of
Arabidopsis thaliana plants using the HaloTag technology.
Papers (Sorenson, Bailey-Serres, 2015; Banks et al., 2016)
were used as a reference to design the protocol called HaloTag
RNA-PullDown (Halo-RPD).

The Halo-RPD method

Plant material. Two lines of Arabidopsis thaliana (L.) Heynh.
Columbia ecotype were used in the study as transgenic plants
with stable expression of HaloTag and EsCSDP3-HaloTag-
fused proteins (Taranov et al., 2018).

The stages of HaloRPD protocol for isolation of RNA-pro-
tein complexes are as follows: preparation of magnetic beads;
tissue homogenization, and collection of control samples;
pull-down and wash of RNA-protein complexes; evaluation of
protein binding efficiency; RNA isolation; analysis of the ob-
tained RNA. A simplified assay design is presented in Figure 1.

Preparation of magnetic beads

The Magne HaloTag Beads (Promega Corp.) magnetic particle
suspension (100 pl) was placed in two tubes for the experi-
mental (EsCSDP3-HaloTag) and control (HaloTag) samples.
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Fig. 1. A simplified Halo-RPD assay design. Transgenic plants expressing
HaloTag-fused RNA-binding protein (on the left) and plants expressing
the HaloTag protein (on the right).

Plant tissue is homogenized to obtain cytoplasmic lysate and incubated with
the magnetic beads capable of binding the HaloTag protein by covalent
bonds. The beads with precipitated target protein complexes are washed, and
RNA is isolated in two ways. The first way is to isolate RNA directly from the
magnetic beads by incubation in the ExtractRNA reagent, and the second im-
plies elution in TEV buffer and further isolation using the ExtractRNA reagent.

The tubes were incubated on a magnetic stand until transpar-
ent, and the liquid was carefully removed without disturbing
the beads. The buffer (400 pl) composed of 50 mM Tris-HCl
(pH 7.4), 137 mM NaCl, 2.7 mM KCI, and 0.05 % Igepal
Ca-630 (Promega Corp.) was added to the beads, and the sus-
pension was gently mixed manually several times. The tubes
were transferred to a magnetic stand, incubated until trans-
parent, and liquid was fully removed by pipetting. The tubes
were then washed two more times. The supernatant was not
removed after the third wash. The tubes were stored at +4 °C.

The manufacturer offers two types of substrate for pull-
down of fusion protein from lysate, namely HaloLink resin
(Promega Corp.) and MagneBeads (Promega Corp.), the latter
being a newer product. The magnetic beads have an advantage
of high binding affinity of HaloTag-fused proteins and low
non-specific binding level. For instance, 1 ml of magnetic
beads binds over 20 mg of protein, whereas the same amount
of resin only binds 7 mg. The resin was used in prior assays
of our study, which significantly increased their duration due
to multiple centrifugation steps. This approach also required
the availability of LowBind tubes or silicone treatment of the
tubes to minimize resin loss.

FEHETUKA PACTEHUI / PLANT GENETICS 75



A.O. Shamustakimova

Tissue homogenization and collection of control samples
For better preservation of plant tissue, leaf blades were
wrapped in foil and placed in liquid nitrogen.

Precooled mortars and pestles were used for homogeniza-
tion. The tissue was placed in a mortar, a small amount of
liquid nitrogen was added, and the mixture was homogenized
to a powder. The obtained powder was then added to a tube
with 300 pl of lysis buffer composed of 50 mM Tris-HCI
(pH 7.5), 150 mM NacCl, 1 % Triton X-100, 0.1 mM benz-
amidine HCI, 55 uM phenanthroline, 10 uM bestatin, 20 pM
leupeptin, 5 uM pepstatin A, 1 mM PMSF, 1 mM DTT, and
3 pl RiboLock™ (Thermo Fisher Scientific). The tubes were
then sealed, mixed on a vortex mixer, and put on ice to cool
down. The obtained homogenate was centrifuged at +4 °C for
7 minutes at maximum speed. The supernatant was carefully
transferred to clean precooled tubes without disturbing the
debris. The obtained lysate had a rather high detergent content,
which could potentially cause dissociation of RNA-protein
complexes and weaken the protein’s bond with the substrate.
To avoid this, 700 ul of the buffer composed of 50 mM Tris-
HCI (pH 7.4), 137 mM NacCl, 2.7 mM KCI was added to the
lysate. At this stage, two control samples were collected:
(1) lysate samples of 100 pl were placed in separate tubes
for future analysis of RNA input fraction; (2) lysate samples
of 10 pl were placed in 0.6 pl tubes to evaluate the binding
efficacy between the target protein and the substrate. Both
types of tubes were stored at +4 °C.

Pull-down and wash of RNA-protein complexes
The tubes with the magnetic beads prepared earlier were
placed on a magnetic stand, and the excess liquid was re-
moved. The tubes were then removed from the stand, and
the obtained diluted lysate was added to the beads. The tubes
were placed on an orbital shaker, incubated at constant rotation
for two hours at +4 °C, and transferred back to the magnetic
stand. Lysate samples of 10 pl were collected to control the
protein’s bond with the substrate, the remaining liquid was
carefully removed.

The magnetic beads were washed by adding 400 pl of
the buffer composed of 50 mM Tris-HCI (pH 7.4), 137 mM
NaCl, 2.7 mM KCI, and 0.05 % Igepal Ca-630 (Promega
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Corp.). The tubes were gently shaken manually three times
and placed on the magnetic stand. It should be noted that the
number of washes is chosen for each RNA-protein complex
on an individual basis. The assay described here included five
washes. The tubes were incubated on an orbital shaker for five
minutes at +4 °C during the last wash.

When the last wash was finished, the tubes were put on ice.

Evaluation of binding efficiency

between protein and magnetic beads

At this stage, content, preservation, and binding efficiency of
the target protein were evaluated. For this purpose, tubes with
the previously collected lysate fractions described in sections
“Tissue homogenization and collection of control samples”
and “Pull-down and wash of RNA-protein complexes” were
further analyzed. 1 pl of 50 pM HaloTag® TMR Ligand
(Promega Corp.) was added to each tube. The content was
mixed by pipetting, and the tubes were kept in the dark for
15 minutes. Then, 10 pl of 4x SDS loading buffer was added
and the mixture was heated for 2 minutes at +90 °C. We pre-
pared 8 % polyacrylamide gel for Laemmli electrophoresis
(Laemmli, 1970) and placed 5 pl of the obtained product in
gel wells. The gel was analyzed using a densitometric scanner
Typhoon FLA 9000 (GE Healthcare) at the given wavelength
(extinction wavelength of 532 nm and emission wavelength of
580 nm).

It can be seen from Figure 2 that a higher percentage of
protein turned out to be bound and therefore was not detect-
able in the supernatant after 2-hour incubation. Otherwise, the
go-to solution is to increase incubation time. A larger amount
of magnetic beads increases non-specific binding.

RNA isolation

At this stage, two methods of isolating RNA from the protein
complex are available, and prior knowledge of the studied
protein, as well as the further course of analysis of the obtained
RNA are to be taken into account.

For instance, isolating RNA directly from magnetic beads
by incubation in the ExtractRNA reagent (Evrogen) (the first
method) produces the eluate, which, in addition to the target
RNA obtained directly from the protein, includes several non-
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Fig. 2. Evaluation of the binding efficiency of the EsCSDP3 protein on magnetic beads using the TMRligand fluorescent dye.

a, The lysate sample before binding and the fluorescence level of the bound dye; b, the lysate sample 2 hours after incubation at +4 °C and
the fluorescence level of the bound dye. The unbound protein fraction is about 25 %.
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specifically bound RNA molecules from HaloTag® and the
substrate. This isolation method is preferable, if the further
analysis includes RT-PCR or Real-time PCR with primers on
the known RNA targets.

If NGS is used to identify the nature of unknown RNA
targets, then elution in TEV buffer and further extraction using
the ExtractRNA reagent (Evrogen) (the second method) is
recommended. TEV protease treatment of the RNA-protein
complex facilitates its release into the solution, while non-spe-
cifically bound RNA molecules stay at the bottom of the tube.

To isolate RNA from the eluate, 100 pl of the buffer com-
posed of 50 mM Tris-HCI (pH 8.0), 0.5 mM EDTA, 0.005 mM
DTT, 40 U of RiboLock™ (Thermo Fisher Scientific) and
5 U of HaloTEV protease (Promega Corp.) was added to the
washed beads with the precipitated target RNA-protein com-
plex. The tube was placed on an orbital mixer and incubated
overnight at +4 °C. The next day, the tubes were placed on
a magnetic stand, and 90 pl of the eluate was transferred to
a clean 1.5 ml tube. Then, 1 ml of the ExtractRNA reagent
(Evrogen) was added to the obtained eluate. At this stage,
RNA isolation from the beads and from the eluate proceeded
identically. We similarly added 1 ml of the ExtractRNA reagent
(Evrogen) to the tubes with magnetic beads washed in the
buffer solution, and incubated the tubes on a magnetic stand
at room temperature for 5 minutes with careful intermittent
mixing. Then 200 pl of chloroform was added and the content
was mixed on a vortex mixer for 30 seconds. The tubes were
then centrifuged at +4 °C at 10,000g for 10 minutes. We care-
fully collected 500 pl of the aqueous phase and transferred it
to a new tube. We then added 25 pg of glycogen, mixed the
content by pipetting, and incubated the tube for 10 minutes at
room temperature. The tubes were centrifuged for 10 minutes
at 18,000g at room temperature. The supernatant was carefully
removed with a small amount of isopropanol left at the bot-
tom, and 1 ml of 75 % ethanol was added to the precipitate.
The tubes were incubated at —20 °C overnight. Then the tubes
were centrifuged at maximum speed at room temperature for
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5 minutes. The supernatant was carefully removed, and the
precipitate was dried for 10 minutes at room temperature and
eluted into 20 pl of RNase-free water.

Analysis of the obtained RNA

To measure the concentration of the obtained RNA, a Quantus
Fluorometer (Promega Corp.) was used. RNA profile was
analyzed using a 2100 Bioanalyzer with RNA 6000 Nano
and Pico kits (Agilent). Due to the high sensitivity of the
device, a sample volume of 1 pl was sufficient for analysis,
and therefore a sufficient amount of eluate may be preserved
for further experiments.

The RNA profile obtained using the 2100 Bioanalyzer is
presented in Figure 3. RNA obtained by elution from TEV
buffer and further isolation using the ExtractRNA reagent (the
second method) is shown in Figure 3, a. Comparison of the
two RNA profiles shows that a much wider variety of various
RNAs with higher RNA concentration was obtained by elu-
tion in the case of RNA-protein complex (plot /), than in the
case of HaloTag (plot 2). After more detailed consideration,
we were able to notice that both samples had some common
RNAs, and this should be taken into account in further analysis
and comparisons.

The small RNA zone in samples from Figure 3, a (dashed
outline) is shown in Figure 4. This zone was of special interest,
since major differences between the samples were found. Its
analysis also made it possible to predict the nature of RNA
targets. The small RNA zone may be divided as follows:
miRNA at nucleotide counts of ~40 and below; transfer RNAs
at nucleotide counts of ~40 to ~80; small nuclear/nucleolar
and ribosomal RNAs at nucleotide counts of ~80 to ~150.

As expected, comparison of the RNA profiles obtained using
two different extraction methods showed a much higher fluo-
rescence intensity in samples obtained using the first method
(magnetic beads). In these samples, 5/5.8S ribosomal RNA
made up the highest proportion of all RNA types. Compari-
son of the total fluorescence of the HaloTag and EsCSDP3
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Fig. 3. RNA profile obtained using an Agilent 2100 Bioanalyzer with RNA 6000 Nano kit: a—c, RNA is isolated using the
first method, where a7 and b correspond to the HaloTag protein sample; a2 and ¢, to the sample of the EsCSDP3 protein;
a3 and d, to the total RNA sample used for reference.

A dashed outline indicates a small RNA zone. The RNA size compared to the reference marker is measured along the x-axis. The
fluorescence intensity of the intercalating dye is measured along the y-axis.

FEHETUKA PACTEHUI / PLANT GENETICS 77



A.O. Shamustakimova

a
[FU] M Shamustakimova_D =
904 "
80+ ‘
704 i
60 ‘
504
404 |
301
204 |
10+ [\ _—
ot LA AN s s
-10 T T T T T T T
4 20 40 60 80 100 150 [nt] 1
C
[FU]‘ | Shamustakimova_H
| M 1
60{ | ‘
[ } |
501 | | |
| |
40 | | |
K | |
304 | ‘ | |
J I M |
|
204
i | | 5{5.85
|
104 1 rRNA\ |
J ‘ | e o ~
04—+ =
| , , ‘
4 20 40 60 80 100 150 [nt]

3

Halo-RPD: searching for RNA-binding
protein targets in plants

[FUI 1 M Shamustakimova,_L
21 |
80| |
o |
60 ‘
50 ‘
40
301 | |
20 | 1)
10{ | ‘ —
| \ SN S
0 T = —
104 . , . : , ,
4 20 40 60 80 100 150 [nt] 5
[FU] | Shamustakimova_F
‘ )
1004 | (
1 -
801 | o | ‘
\ I
| | |
@ f v
|
w] | i [\
| [ 5/5.85
| J \
201 } [ rRNA| —
| J B
[ e =
|
4 20 40 60 80 100 150 [nt]

4

Fig. 4. RNA profile obtained using an Agilent 2100 Bioanalyzer with Small RNA kit for small RNA analysis: a and b are the HaloTag and EsCSDP3 protein
samples from the assay showed in Figure 3, a (dashed outline); ¢ and d show the RNA isolated from the HaloTag and EsCSDP3 protein samples using

the second method.

The fluorescence intensity of the intercalating dye is measured along the y-axis. The size of the RNA is measured along the x-axis. M — lower alignment marker.

samples showed that the signal of the experimental sample
(110 FU) was almost twice as intense as that of the control
sample (65 FU).

Preparation of cDNA libraries and sequencing

The proposed protocol does not include a detailed descrip-
tion of ¢cDNA library preparation and further sequencing
procedures. It only lists the aspects to be taken into account
in assay designs.

A cDNA library preparation kit should be selected based
on the amount of RNA obtained. Although the 4. thaliana ge-
nome is relatively short, its number of genes is comparable to
that of humans, specifically 27,000 against 25,000. Thus, the
recommended read depth is 15-30 million unpaired reads with
lengths of 50 bp (Xing et al., 2015; Petri, Jakobsson, 2018).
This read length is sufficient for mapping onto the genome, and
the given read depth should be sufficient to identify specific
targets based on their abundance quantitation in a statistically
valid manner.

When RNA is obtained directly from magnetic beads, it is
worth using a ribosomal RNA removal kit, since ribosomal
RNA would account for a large number of reads due to their
high abundance.

Conclusion
The obtained results have shown that the proposed method
makes it possible to isolate complexes of fusion proteins and
RNA targets from the A. thaliana leaves.

The Halo-RPD method has a number of advantages com-
pared to the protocols based on immunoprecipitation, in par-
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ticular, stable protein expression makes it possible to minimize
both the initial amount of plant material for the assay and
reagent consumption. The use of the reagent at the stage of
RNA isolation from the eluate/substrate allows one to obtain
and analyze small RNA and miRNA. The absence of covalent
crosslinks and removal of the ultrasonic fragmentation stage
make the proposed protocol applicable for analyzing native
RNA profiles and thereby drawing preliminary conclusions on
the nature of RNA targets, while the use of fluorescent dyes
covalently bound to the HaloTag protein makes it possible
to control the proper implementation of homogenization and
protein isolation stages.

References

Banks C.A.S.,BoancaG., Lee Z.T., Eubanks C.G., Hattem G.L., Peak A.,
Weems L.E., Conkright J.J., Florens L., Washburn M.P. TNIP2 is a
hub protein in the NF-kB network with both protein and RNA me-
diated interactions. Mol. Cell. Proteomics. 2016;15(11):3435-3449.
DOI 10.1074/mcp.M116.060509

Brooks S.A., Rigby W.F.C. Characterization of the mRNA ligands
bound by the RNA binding protein hnRNP A2 utilizing a novel
in vivo technique. Nucleic Acids Res. 2000;28(10):e49. DOI 10.1093/
nar/28.10.e49

Frydrych Capelari E., da Fonseca G.C., Guzman F., Margis R. Circular
and micro RNAs from Arabidopsis thaliana flowers are simultane-
ously isolated from AGO-IP libraries. Plants. 2019;8(9):302. DOI
10.3390/plants8090302

Gu J., Wang M., Yang Y., Qiu D., Zhang Y., Ma J., Zhou Y., Han-
non G.J., Yu Y. GoldCLIP: gel-omitted ligation-dependent CLIP.
Genom. Proteom. Bioinform. 2018;16(2):136-143. DOI 10.1016/
j-gpb.2018.04.003

BaBunosckuii XKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2024 - 28 « 1


https://doi.org/10.1074%2Fmcp.M116.060509
https://doi.org/10.1093/nar/28.10.e49
https://doi.org/10.1093/nar/28.10.e49
https://www.mdpi.com/2223-7747/8/9/302
https://doi.org/10.1016/j.gpb.2018.04.003
https://doi.org/10.1016/j.gpb.2018.04.003

A.O. WamycTaknmoBa

Koster T., Meyer K. Plant ribonomics: proteins in search of RNA
partners. Trends Plant Sci. 2018;23(4):352-365. DOI 10.1016/
j-tplants.2018.01.004

Laemmli U.K. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature. 1970;227(5259):680-685.
DOI 10.1038/227680a0

Li X., Pritykin Y., Concepcion C.P.,, Lu Y., La Rocca G., Zhang M.,
King B., Cook P.J., Au Y.W., Popow O., Paulo J.A. Otis H.J., Mas-
troleo C., Ogrodowski P., Schreiner R., Haigis K.M., Betel D.,
Leslie C.S., Ventura A. High-resolution in vivo identification of
miRNA targets by Halo-enhanced Ago2 pull-down. Mol. Cell. 2020;
79(1):167-179. DOI 10.1016/j.molcel.2020.05.009

Los G.V., Encell L.P., McDougall M.G., Hartzell D.D., Karassina N.,
Zimprich C., Wood M.G., Learish R., Ohana R.F., Urh M., Simp-
son D., Mendez J., Zimmerman K., Otto P., Vidugiris G., Zhu J.,
Darzins A., Klaubert D.H., Bulleit R.F., Wood K.V. HaloTag:
a novel protein labeling technology for cell imaging and pro-
tein analysis. ACS Chem. Biol. 2008;3(6):373-382. DOI 10.1021/
cb800025k

Petri R., Jakobsson J. Identifying miRNA targets using AGO-RIPseq.
In: Lamandé S. (Ed.) mRNA Decay. Methods in Molecular Biology.
Vol. 1720. New York: Humana Press, 2018;131-140. DOI 10.1007/
978-1-4939-7540-2_9

Ramanathan M., Porter D.F., Khavari P.A. Methods to study RNA-pro-
tein interactions. Nat. Methods. 2019;16(3):225-234. DOI 10.1038/
$41592-019-0330-1

Ren Z., Zhang D., Cao L., Zhang W., Zheng H., Liu Z., Han S.,
Dong Y., Zhu F., Liu H., SuH., Chen Y., Wu L., Zhu Y., Ku L. Func-
tions and regulatory framework of ZmNST3 in maize under lodging
and drought stress. Plant Cell Environ. 2020;43(9):2272-2286. DOI
10.1111/pce.13829

Samanta S., Thakur J.K. Characterization of mediator complex and
its associated proteins from rice. In: Kaufmann K., Mueller-Roe-
ber B. (Eds.) Plant Gene Regulatory Networks. Methods in Molecu-

ORCID
A.O. Shamustakimova orcid.org/0000-0003-3535-3108

2024
281

Halo-RPD: B nonckax mutleHei
PHK-cBA3bIBatowWwmnx 6enkoB pacTeHuni

lar Biology. Vol. 1629. New York: Humana Press, 2017;123-140.
DOI 10.1007/978-1-4939-7125-1_9

Seo J.S., Chua N.H. Analysis of interaction between long noncoding
RNAs and protein by RNA immunoprecipitation in Arabidopsis.
In: Chekanova J.A., Wang H.-L.V. (Eds.) Plant Long Non-Coding
RNAs. Methods in Molecular Biology. Vol. 1933. New York: Hu-
mana Press, 2019;289-295. DOI 10.1007/978-1-4939-9045-0_18

Sorenson R., Bailey-Serres J. Rapid immunopurification of ribonucleo-
protein complexes of plants. In: Alonso J., Stepanova A. (Eds.) Plant
Functional Genomics. Methods in Molecular Biology. Vol. 1284.
New York: Humana Press, 2015;209-219. DOI 10.1007/978-1-
4939-2444-8 10

Steffen A., Elgner M., Staiger D. Regulation of flowering time by the
RNA-binding proteins 4¢GRP7 and AtGRPS8. Plant Cell Physiol.
2019;60(9):2040-2050. DOI 10.1093/pcp/pcz124

Taranov V.V., Zlobin N.E., Evlakov K.I., Shamustakimova A.O., Ba-
bakov A.V. Contribution of Eutrema salsugineum cold shock do-
main structure to the interaction with RNA. Biochemistry (Moscow).
2018;83(11):1369-1379. DOI 10.1134/S000629791811007X

Urh M., Hartzell D., Mendez J., Klaubert D.H., Wood K. Methods for
detection of protein—protein and protein—-DNA interactions using
HaloTagl™. In: Zachariou M. (Ed.) Affinity Chromatography. Me-
thods in Molecular Biology. Vol. 421. New York: Humana Press,
2008;191-210. DOI 10.1007/978-1-59745-582-4 13

van Dijk M., Visser A., Buabeng K.M., Poutsma A., van der Schors R.C.,
Oudejans C.B. Mutations within the LINC-HELLP non-coding RNA
differentially bind ribosomal and RNA splicing complexes and ne-
gatively affect trophoblast differentiation. Hum. Mol. Genet. 2015;
24(19):5475-5485. DOI 10.1093/hmg/ddv274

Xing D., Wang Y., Hamilton M., Ben-Hur A., Reddy A.S. Transcrip-
tome-wide identification of RNA targets of Arabidopsis SERINE/
ARGININE-RICH45 uncovers the unexpected roles of this RNA
binding protein in RNA processing. Plant Cell. 2015;27(12):3294-
3308. DOI 10.1105/tpc.15.00641

Acknowledgements. The author thanks Charles Banks from the Stowers Institute for Medical Research for assistance in protocol development. The work
was supported by the Russian Foundation for Basic Research (project Nos. 05-04-89005-NWO and 14-04-00816). The equipment was provided by the
Common Use Center “Biotechnology” of the All-Russian Research Institute of Agricultural Biotechnology (project No. RFMEFI62114X0003).

Conflict of interest. The author declares no conflict of interest.

Received March 28, 2023. Revised August 21, 2023. Accepted August 24, 2023.

FEHETUKA PACTEHUI / PLANT GENETICS 79


https://doi.org/10.1016/j.tplants.2018.01.004
https://doi.org/10.1016/j.tplants.2018.01.004
https://doi.org/10.1016/j.molcel.2020.05.009
https://doi.org/10.1021/cb800025k
https://doi.org/10.1021/cb800025k
https://doi.org/10.1111/pce.13829
https://doi.org/10.1093/pcp/pcz124
https://doi.org/10.1093/hmg/ddv274
https://doi.org/10.1105/tpc.15.00641

HUMAN GENETICS BaBMnoBCKUi XXypHan reHeTUKMN 1 cenekumun. 2024;28(1):80-89

Original article DOI 10.18699/vjgb-24-10

MNepeBop Ha aHrMiAcKKiA A3bIK https://vavilov.elpub.ru/jour

Associations of CAG repeat polymorphism
in the androgen receptor gene with steroid hormone levels
and anthropometrics among men: the role of the ethnic factor
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Abstract. Androgens are required for stimulation and maintenance of skeletal growth and bone homeostasis. Physio-
logical functions of androgens are mediated through the androgen receptor (AR). The androgen receptor gene AR has
a polymorphic trinucleotide CAG repeat and the length of AR CAG repeats determining the sensitivity of bone tissue to
androgens is associated with skeleton formation and body proportions. This study aimed to investigate the relationship
between AR CAG repeat polymorphism, circulating sex steroid hormones and the anthropometrics in males of differ-
ent ethnic origins. Male volunteers of three ethnic groups (Slavs, Buryats, Yakuts) from urban Russian populations were
recruited in a population-based study (n=1078). Anthropometric indicators (height, arm span, leg length, the length
of 2 and 4 digits of both hands) were measured and the following anthropometric indices were calculated: the ratio of
height to leg length, the ratio of arm span to height, the ratio of lengths of second to fourth digit of the hand. Serum
testosterone and estradiol were determined by enzyme immunoassay. Genotyping of the AR CAG repeats was per-
formed using fragment analysis and capillary electrophoresis. Ethnic differences in all anthropometric and hormonal
indicators have been established, with higher anthropometric indicators in Slavs than Buryats, and in most cases higher
than in Yakuts. The testosterone level was higher among Slavs compared to Buryats, but did not differ from Yakuts; the
estradiol level was lower among Slavs compared to Buryats, who did not differ from Yakuts. Buryats and Yakuts had a
higher number of CAG repeats than Slavs (medians: Slavs, 23; Buryats, 24; Yakuts, 25). Positive correlations were found
between the length of AR CAG repeats and estradiol levels in Buryats and testosterone levels in Yakuts, while longer
CAG repeats were accompanied by higher estradiol levels in Buryats and testosterone levels in Slavs and Yakuts. Ethnic-
specific correlations have been established between the steroid hormone levels and some anthropometric indicators in
all ethnic groups. Available data suggest that the ethnic-specific associations of AR CAG repeats with anthropometrics
can be mediated by sex steroid hormones as important regulators of skeletal growth and bone homeostasis.

Key words: AR CAG repeat polymorphism; testosterone; estradiol; anthropometrics; human male population.
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Acconmannuy CAG-nmonumop@dusMa reHa aHIPOreHOBOTI'O pelernTopa
C VPOBHEM CTEepPOUIHbIX TOPMOHOB U1 aHTPOIIOMETPUUYECKNMU
IIOKa3aTeJasIMI Y MY>KUMH: POJIb STHNMYECKOTO (paKTopa

A.B. Ocapuyx @, I.B. Bacuabes, A.B. Ocapuyk

DepepanbHblii NCCNeROBATENbCKUI LeHTP «HCTUTYT umTonorum v reHeTrkn Cnbmupckoro otaenerHna Poccuinckoin akagemun Hayk», HoBocnbupck, Poccus
® losadch@bionet.nsc.ru

AHHOTaLuA. AHOPOreHbl HEOOXOAVMbI ANA POCTa U NoAfepKaHWA romeocTasa KOCTHOW TKaHu. Ousnonornyeckre
bYHKLMM aHOpPOreHOB onocpefoBaHbl aHAporeHoBbIM peLenTopom (AR). TeH aHgporeHoBoro peuentopa AR nmveet
nonumop®HbIn TpuHykneoTuaHbin CAG-nosTop, 1 AnnHa AR CAG-NoBTOPOB, perynupysa 4yBCTBUTENbHOCTb KOCTHOMN
TKaHM K aHfporeHam, okasblBaeT BiMAHME Ha GOpMMPOBaHMe CKeneTa 1 nponopuuii Tena. Llenb nccneposanua —
BbIABMTb accoumauum mexgy anuHon AR CAG-noBTOpOB, FOPMOHAJIbHLIMU 11 @aHTPOMOMETPUYECKUMI NOKa3aTenamm y
MY>KUMH PA3NYHbIX STHUYECKMX rpymn. B nonynaunMoHHOM nccnefoBaHuy NPUHANN yyacTue My>KUMHbI OOPOBONbLbI
(n =1078) Tpex STHUYEeCKNX rpynn (cnaBsaH, BypAT 1 AKYTOB) 13 FOPOACKMX NONyNALMiA Poccun. Y yuacTHUKOB M3Mepsanm
pocT, pasmax pyK, AJIMHY HOTW, ANNHY BTOPOrO U YeTBEPTOro NanbLeB 06enx pykK, pacCcunTbiBany poCTOBble NHAEKCDI:
OTHOLLEHWe PoCTa K AJIVHE HOTW, OTHOLLEHME pa3Maxa PyK K POCTY, OTHOLLEHME ANINHbI BTOPOrO K YeTBePTOMY MNasbLyy.
TecTtocTepoH 1 3cTpaanon B obpasuax nepupepmryeckon KpoBu onpeaenanm MMMyHOGepMeHTHbIM MeTOAOM. leHo-
TunmpoBaHue AR CAG-NoBTOPOB NPOBOAMN C MOMOLLbIO GpParMeHTHOrO aHanmn3a 1 KanwumispHOro snekTpodopesa.
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AR-CAG-nonumop®dunsm, CTeponHble FOPMOHbI
1N aHTPOMOMETPUA Y MY>KUNH

YcTaHOBNEHbI 6osiee BbICOKME aHTPOMOMETPUYECKE NOKa3aTeNn Y CllaBsH MO CPAaBHEHUIO C OypATaMu 1 B GONbLUINH-
CTBe C/lyYaeB C AIKyTaMu. YPOBEHb TECTOCTEPOHA MOBBILEH Y C/TaBAH MO CPABHEHUIO C BypsATaMU, HO HE OTIIMYANCS OT
AKYTOB, @ YPOBEHb 3CTPaAMosa NMOHUMXKEH MO CPABHEHMIO C TAKOBLIM Y BYPAT UK AKYTOB, KOTOPbIE HE OTANYANUCL NO
3ToMy nokasatento. AnvHa AR CAG-noBTOpOB cocTaBmna 23, 24 1 25 TpUnneToB (MefunaHbl) y cnassH, OypaT u AKYyTOB
COOTBETCTBEHHO. BbiABNEeHbI NonoxntenbHble Koppenauyuu mexay anmHon AR CAG-NoBTOPOB 1 YPOBHEM 3CTpajnona
y 6ypAT 1 yPOBHEM TECTOCTEPOHA Y AKYTOB, NpuyeM AnnHHble CAG-NOBTOPbI CONMPOBOXKAANVCH MOBbILLEHHBIM YPOBHEM
3CTpaavona y 6ypsAT 1 TeCTOCTEPOHA Y CIABAH U AKYTOB. YCTaHOBIEHbI 3THO3aBUCUMbIE KOPPENALUM MEXIY YPOBHEM
CTepOonHbIX TOPMOHOB 1 aHTPONMOMETPUYECKMMU NOKa3aTeNnAaMM y BCeX STHOCOB. MNonyyeHHble fJaHHble NpeanonaratoT
CylLlecTBOBaHMEe 3THO3aBUCUMbIX accoumaumin AR CAG-nonumopdriama ¢ pasmMepamm KoCTel cKefeTa, Kotopble ono-
cpenyloTca CTepOVAHBIMY FOPMOHAMU Kak BaXKHbIMY perynaTopamum pocta U romeocTasa KOCTHOW TKaHMW.

KntoueBble cnoa: nonumopodunsm AR CAG-NoBTOPOB; aHTPOMNMOMETPUS; TECTOCTEPOH; 3CTPAANON; STHUYECKNE Pa3nu-

yuma; nonynaynm 4enoseka.

Introduction

Androgens, which are secreted by the Leydig cells of the
testes, play a critical role in normal male physiology, and
impairment of the androgen action on the target tissue is
accompanied by a wide range of pathological changes. The
main role of androgens consists in ontogenetic formation and
maintenance of the male phenotype integrity, including a nor-
mal process of sexual differentiation, pubertal development,
formation and maintenance of secondary sex characteristics,
sexual behavior, and sperm production. Besides reproductive
effects, androgens affect the functions of non-reproductive
tissues, in particular, development and growth of the skeletal
system, formation of stature and body proportions (Zitzmann,
Nieschlag, 2003; Almeida et al., 2017; Alemany, 2022). An-
drogens exert their physiological effects on bone growth and
maintenance of bone metabolism together with estrogens,
which bind to the estrogen receptors present in bone tissue
(Almeida et al., 2017; Alemany, 2022).

The process of bone tissue formation has several age stages.
The first of them takes place in utero and is under the control
of sex steroid hormones. Since the estimation of fetal andro-
gens is complex, most investigators suggest using biomarkers,
which are stable indicators reflecting the degree of exposure
to androgens during fetal development. The ratio between
length of the index and ring digit (2D:4D) has therefore been
proposed to serve as a proxy marker for in utero androgen
exposure. Several reviews and meta-analyses have shown that
in most cases men and boys have lower values of this ratio
than women and girls, suggesting that the gender difference in
the 2D:4D ratio is determined by higher levels of androgens
in male embryos compared to female (Honekopp et al., 2007;
Grimbos et al., 2010; Knickmeyer et al., 2011; Xu, Zheng,
2015; Swift-Gallant et al., 2020; Jagetoft et al., 2022). One
study (Mitsui et al., 2015) showed gender differences in tes-
tosterone levels of umbilical cord blood samples, which were
significantly higher in samples collected from males than those
from females. These data confirm the hypothesis of sexual
dimorphism with respect to the 2D:4D ratio, which reflects
the levels of embryonic sex steroids. Sexual dimorphism in
relation to the 2D:4D ratio persists throughout life, although
data concerning sexual differences in this ratio in childhood
are less variable compared to data in adults (Knickmeyer et
al., 2011; Mitsui et al., 2015; Jagetoft et al., 2022).

The link found between the finger development and the
prenatal androgens (and estrogens) suggests that the 2D:4D

ratio is inversely related to prenatal testosterone levels and
positively related to prenatal estrogen levels. There is some
evidence that the 2D:4D ratio shows associations with sex
steroid hormones in adults, so it can be used as a proxy marker
of embryonic effects of sex steroids on a number of physiologi-
cal, behavioral and anthropometric traits expressed in adults
(Knickmeyer et al., 2011; Manning et al., 2014). However,
the 2D:4D ratio is not always associated with the sex steroid
levels in the adult male population, so the digit ratio is often
the subject of debate about causality and validity as an indica-
tor of the embryonic androgen level (Richards et al., 2020;
Swift-Gallant et al., 2020).

Puberty is a unique stage of postnatal development charac-
terized by substantial anatomical and physiological changes
leading to the accumulation of bone mass, bone growth in
length and the formation of a stature that is controlled by
reactivation of the hypothalamic-pituitary-gonadal axis after
along period of quiet. At the beginning of puberty, androgens
together with estrogens stimulate the pubertal growth spurt
by increasing growth hormone (GH) secretion and hepatic
insulin-like growth factor-1 (IGF-I) release, but sex steroids
also have a direct effect on bone growth, since there are an-
drogen and estrogen receptors in chondrocytes. At the end
of puberty, high estrogen concentrations, but not androgens,
block the longitudinal growth of bones in boys, stimulating
the closure of epiphyseal growth plates, an effect mediated by
the direct action of estrogens on proliferating chondrocytes
(Almeida et al., 2017). Androgens are known to be precursors
of estrogens in the synthetic pathways of the steroid hormones.
In men, about 15 % of estradiol is secreted directly from the
testes, and the remaining 85 % is derived from peripheral aro-
matization of androgens to estrogens by the aromatase enzyme
(CYP19A1) (Almeida et al., 2017; Alemany, 2022). Estrogen
resistance or aromatase deficiency in male adolescents leads to
a delay in bone age and high growth, despite normal or high
testosterone concentrations (Frank, 2003; Alemany, 2022).

Androgens, as well as all steroid hormones, do not affect
target tissues immediately, but perform their effects essentially
in the medium term, modulating gene expression; their action
is relatively long and is regulated by a complex network of
adaptive mechanisms in accordance with the needs of the
body. Most physiological effects of androgens are mediated
through the androgen receptor (AR). Since ARs are expressed
in almost every tissue, “androgenicity” is manifested almost
everywhere; therefore, the role of androgen receptors in males
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is fundamentally important (Zitzmann, Nieschlag, 2003). The
androgen receptor belongs to the family of nuclear receptors
of steroid and thyroid hormones and, like other members of
the family, is able to interact directly with nuclear DNA. AR
is a ligand-dependent nuclear transcription factor, which is ac-
tivated when binding to androgens (testosterone and dihydro-
testosterone) and changes the expression of AR-dependent
target genes (Davey, Grossmann, 2016; Xiao et al., 2016).
Interacting with certain regulatory regions, AR serves as a
transcription factor regulating the synthesis of a number of
proteins. There are also non-genomic effects of AR unrelated
to gene expression regulation.

The AR gene has a trinucleotide polymorphic CAG repeat
(cytosine—adenine—guanine) in exon 1 that is transcribed into
a different number of polyglutamine amino acids; that is, the
variability in AR size is partially due to this trinucleotide
repeat. In healthy males, the normal range of CAG repeats is
11-31 triplets, and transactivation activity of AR is inversely
proportional to the number of CAG repeats (Davey, Gross-
mann, 2016). /n vitro and in vivo studies have shown that the
longer the length of CAG repeats, the weaker the transactiva-
tion ability of AR and the weaker the effects of androgens in
target tissues (Buchanan et al., 2004). The authors suggest that
normal function of AR is maintained in a critical and limited
range of CAG repeats (16-29 triplets); the number of CAG
repeats outside this range can be associated with impaired
function of androgen-dependent tissues and various diseases
(Davis-Dao etal., 2007; Davey, Grossmann, 2016; Ryan et al.,
2017; Wang et al., 2018; Osadchuk L., Osadchuk A., 2022).
It should also be noted that the testosterone effects appear
after it binds to AR, affecting the transcriptional activity of
AR. Thus, the AR CAG polymorphism, through reducing the
sensitivity of target tissues to androgens, weakens the physio-
logical effects of androgens and therefore is a crucial factor
determining the “masculinity” of every man.

Androgen receptors are expressed in all types of bone cells
(osteoblasts, osteoclasts and osteocytes). Since some poly-
morphic variants of AR modulate sensitivity to androgens,
differences in the association between the testosterone levels
and bone mass may be associated with CAG polymorphism in
the AR gene. It has been established that an increased number
of CAG repeats in the AR gene attenuates the testosterone
effects on bone density and bone metabolism (Zitzmann,
Nieschlag, 2003). In addition, a relationship was revealed
between the AR CAG polymorphism and bone mineral con-
tent and bone mineral density, which was modulated by the
free testosterone level (Guadalupe-Grau et al., 2010). The
longitudinal growth was inversely associated with the AR
CAG repeat length in boys from early prepubertal to pubertal
age, but this association diminished in subsequent years and
completely disappeared after the age of 16 years. The height
of adult males was not associated with the AR CAG repeat
length (Voorhoeve et al., 2011). The authors believe that
during puberty, this relationship disappears, possibly due
to the compensative increase in the activity of the hypotha-
lamic—pituitary—gonadal axis. The effects of the AR CAG
repeat length on bone mass were investigated in prepubertal
boys of 12 years old (Rodriguez-Garcia et al., 2015). In boys
with longer AR CAG alleles, height, body mass, bone mineral

AR-CAG repeat polymorphism, steroid hormones
and anthropometrics among men

density and content were increased compared to boys with
shorter AR CAG alleles, which confirms the hypothesis that
longer AR CAG alleles are associated with an increase in bone
mass in prepubertal boys.

As already mentioned, we can expect a close relationship
between the circulating testosterone level and the AR CAG
polymorphism. Most studies have shown that the CAG repeat
length directly correlates with serum testosterone levels in
adult men (Crabbe et al., 2007; Huhtaniemi et al., 2009; Ma
et al., 2014; Grigorova et al., 2017; Khan et al., 2018). The
authors believe that longer CAG repeats impair androgen feed-
back in the hypothalamic-pituitary-testicular system and, thus,
can increase testosterone levels. The weaker transcriptional
activity of AR with a longer CAG repeat length seems to be
totally or nearly totally compensated for by higher testoste-
rone levels; therefore, an increase in testosterone levels can be
considered as a compensatory effect to maintain an adequate
androgen status of a man. From a genetic perspective, the
testosterone level is undoubtedly a polygenic trait, and the
AR CAG polymorphism is just one of many genetic factors
underlying the genetic control of this trait. Individual variation
in testosterone levels in healthy men can be explained by the
AR CAG polymorphism. In a large study population of healthy
Belgian men, it was shown that the CAG repeat length was
positively associated with serum total testosterone (Crabbe
et al., 2007). The authors suggest that in men, 6.0-8.5 % of
individual testosterone variability can be associated with the
CAG repeat length in the AR gene.

In our previous work, it was shown that the variability of
the AR CAG repeat length was associated with the ethnic
composition of the studied population (Osadchuk et al., 2022).
Significant differences were observed in the AR CAG repeat
length between the most common ethnic cohorts of Slavs
(Caucasians), Buryats (Asians), and Yakuts (Asians) with me-
dian in Slavs — 23; Buryats — 24; Yakuts — 25. The Slavs have
the largest range (7-36 repeats), the Yakuts have the smallest
range (18-32 repeats) and the Buryats have the middle range
(11-39 repeats). Longer CAG repeats were associated with
an impaired semen quality within the Slav and Buryat groups,
but this effect was not found in Yakuts.

Based on the above, we can expect there to be an effect of
the AR CAG polymorphism on the variability of the sex steroid
hormone levels in Russian men, which may affect the forma-
tion of some androgen-dependent anthropometric parameters.
The aim of this study was to study the possible relationship
between variations in the AR CAG repeat length, which affects
the transactivation activity of AR, and circulating sex steroid
hormones, as well as with steroid-dependent anthropometric
parameters. In addition, it was interesting to compare the
above associations in men of different ethnicity, who also
differ in the AR CAG repeat length, anthropometric indica-
tors, testosterone and estradiol levels. To achieve these goals,
a multicenter population study of Russian male volunteers
was conducted, in which the AR CAG repeat length, serum
testosterone and estradiol levels, anthropometric indicators,
including height, leg length, arm span, the 2nd to 4th digit
ratio of both hands were determined. To clarify the role of the
ethnic factor, the study was conducted on men of three ethnic
groups — Slavs, Buryats and Yakuts, who had previously been
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studied with respect to the AR CAG polymorphism (Osadchuk
et al., 2022). It should be noted that this is the first Russian
study clarifying the role of the AR CAG polymorphism in
regulating sex steroid hormone levels and steroid-dependent
anthropometric indicators.

Materials and methods

Young male volunteers (n = 1078) of three ethnicities from
five Russian cities participated in this study: Slavs from
Archangelsk, Novosibirsk, Kemerovo; Buryats from Ulan-
Ude, Yakuts from Yakutsk. The Slavic group consisted of
Russians (95.9 %), Ukrainians (0.5 %) and descendants of
mixed marriages of Russians, Belarusians, Ukrainians (3.5 %).
The men filled out questionnaires, including questions about
age, place of birth, nationality, profession, work conditions,
noted military service, smoking and alcohol consumption, past
and current diseases. Ethnicity of participants was obtained
according to the information from the self-reporting ques-
tionnaires, taking into account ethnicities of the participants’
parents and grandparents. As a rule, the participants considered
themselves healthy and had not previously consulted doctors
about chronic diseases. The inclusion criteria for participa-
tion in the study were the absence of acute diseases or taking
medications that affect hormone levels or bone metabolism.
All participants gave informed consent for participation. The
ethics committee of the Federal Research Center “Institute of
Cytology and Genetics”, the Siberian Branch of the Russian
Academy of Sciences, approved the study (Protocol No. 160,
date 17.09.2020).

Height, body weight, waist and hip circumference (WC and
HC, respectively), leg length, arm span, length of index and
ring fingers of both hands were measured in all participants.
Body mass index (BMI), trochanteric index (TI), androgenic
deficiency index (ADI) and digital index (2D:4D right and
left) were calculated. Body weight was estimated in kg, WC,
HC, height, leg length, arm span in cm. BMI is the main an-
thropometric indicator of obesity and is calculated as the ratio
of body weight (kg)/height (m?). TI characterizes the body
proportion formed by the end of puberty and is calculated as
the ratio of height to leg length. ADI also characterizes the
proportions of the body formed by the end of puberty and is
calculated as the ratio of arm span to height. This indicator de-
pends on the testosterone level in adolescents, and if androgen
deficiency took place before puberty, then the arm span begins
to exceed the height and a specific tallness with eunuchoid
body proportions is formed (Frank, 2003). The length of 2D
and 4D was measured by digital caliper; the 2D:4D ratio was
calculated as the ratio of the length of 2 finger to 4 finger. It
is assumed that the 2D:4D ratio reflects the prenatal andro-
genization and does not change during postnatal life (Knick-
meyer et al., 2011; Manning et al., 2011).

Fasting blood samples from the cubital vein were drawn in
the morning between 8—11 hr. Blood samples were centrifuged
in 15-20 min and at 1500 rpm; serum was stored at —40 °C
until hormonal analysis. Serum concentrations of luteinizing
hormone (LH), follicle-stimulating hormone (FSH), testo-
sterone (T); estradiol (E,) were determined by enzyme immu-
noassay with commercially available kits (Alkor Bio, Xema,
Russia) according to the manufacturer manuals. The ranges
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of evaluated concentrations for our study population were as
follows: LH — 1.3-6.7 mIU/ml; FSH — 1.3-8.8 mIU/ml; T —
11.7-38.2 nmol/L; E, — 0.10-0.35 nmol/L.

This study included men who had previously been geno-
typed for AR CAG repeats; the genotyping technique was
described in detail earlier (Osadchuk et al., 2022). Briefly,
genomic DNA was extracted from peripheral blood leukocytes
using the common phenol-chloroform method. Genotyping of
the AR CAG repeats was performed by the method of frag-
ment PCR analysis and capillary electrophoresis using the
sequencer “Nanophor-05" (Syntol, Russia). The method al-
lows to determine the relative length of the product in relation
to the length standard and is based on the separation of DNA
into fractions by molecular weight. The primer sequences
were as follows: forward, 5'-(FAM)-TCCAGAATCTGTTCC
AGAGCGTGC-3' and reverse, 5'-GCTGTGAAGGTTGCT
GTTCCTCAT-3". The number of CAG repeats was calculated
using an allelic ladder of marker fragments, which consisted
of eight fragments of different lengths and were used as an
internal standard for calculations (lengths of CAG repeats
were 12, 19, 21, 23, 25, 27, 29, 33 triplets).

The statistical analysis of the data was performed using the
statistical package “STATISTICA” (version 8.0). The results
are presented as mean (SD). The Kolmogorov-Smirnov test for
normality was used. Since most parameters were not normally
distributed, the Kruskal-Wallis ANOVA test for comparing
multiple independent groups was carried out to find the dif-
ferences in the hormonal and anthropometric parameters
among ethnic groups. Spearman correlation coefficients were
used to determine correlations among parameters in each
ethnic group. Duncan’s test was used for pairwise comparison
of groups. The testosterone and estradiol levels were best nor-
malized by log transformation before analysis.

The next step to find out possible associations between the
AR CAG polymorphism and hormonal and anthropometric
indicators was the stratification of participants in each ethnic
group into three CAG categories based on the CAG ethnic
range restriction with a frequency below 5 % for short or long
CAG repeat length. The rest of the CAG repeat range repre-
sented the medium CAG repeat category. The categorization
of the CAG repeat length corresponded to the one presented
earlier (Osadchuk et al., 2022). The results of the stratification
of participants by the CAG repeat length (number of triplets)
are as follows: Buryats — short (< 20); medium (21-27); long
(> 28); Slavs — short (< 19); medium (20-24); long (> 25);
Yakuts — short (< 22); medium (23-27); long (> 28). Dif-
ferences in anthropometric and hormonal variables between
subgroups with different CAG repeat length were tested by
analysis of covariance (ANCOVA); hormonal variables were
adjusted for age, body weight, WC, BMI. A p-value < 0.05
was regarded as statistically significant.

Results

Ethnic differences in anthropometric and hormonal pa-
rameters, and the AR CAG repeat length. The ethnic groups
differed in age; the Buryats were 1.5 years younger than the
Slavs and the Yakuts (p < 0.05), who did not differ from each
other (Table 1). Almost all anthropometric indicators were
noted to be higher in Slavs compared to Buryats (p < 0.05),
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Table 1. Anthropometric and hormonal parameters, and AR CAG repeat length in men of three ethnic groups

Parameter Buryats, n =223
Age yea,.s .................................................. 2 3 7 (6 5)a ..................................
. Welght . k g .................................................. 7 09 (132)a ................................
HEIgh t Cm ................................................. 1 748 (63)a ................................
. Walst c I rcu mferen ce c m ........................... 8 20 (12 1)a ................................
H,pc|rcumfere nce cm .............................. 9 42 (7 3)a ..................................
. B M| kg /m2 ................................................. 2 32 (43)a ..................................
Leg|engthcm ........................................... 8 92(51)a ..................................
-|-| ................................................................. 1 96 (007)a ................................
Armspancm ............................................. 1778(74)a ................................
AD| .............................................................. 1 017 (Oozs)a ...........................
. | n dex d,g, t ”g ht c m .................................. 7 7 (11 )a ....................................
. | n dex dlgl t |e ft cm .................................... 7 7 (11 )a ....................................
. R mg dl glt ngh t Cm ................................... 8 1 . (12)a ....................................
R mg dlglt |eft cm ...................................... 8 1(12)a ....................................
. 2 D 4D ngh t ................................................ 0 95 (003)a ................................
. 2 D 4D |eft ................................................... 0 95 (003)a ................................
. |_ H m |U/m| ................................................. 3 96 (166)3 ................................
FSHm|U/m|476(312)a ................................

Slavs, n =708 Yakuts, n = 147
....... 2 53(66)b254(73)b
....... 7 81(139)b706(138)a
....... 1790(69)b1722(65)c
....... 8 48(106)b846(127)b
....... 9 91(82)b972(79)c
....... 2 43(39)b238(44)ab
....... 9 42(53)b894(55)a
....... 190(008)b193(008)c
....... 1823(81)b1777(74)a
....... 1018(0029)a-|032(0021)b
....... 7 8(10)b78(09)ab
....... 7 8(10)b77(09)ab
....... 8 0(11)b82(10)a
....... 8 0(11)b82(10)a
....... 0 98(004)b095(003)a
....... 0 98(004)b094(004)a
....... 3 51(153)b358(156)b

3.76 (2.76)° 5.31(3.24)
....... 2 116(758)b1967(659)ab
....... (.). 194(0067)b0224(0055)ab
....... 1207(629)b917(35”a
....... ; 30(31)b250(28)c

Note here and further. Values are presented as mean (SD); BMI, body mass index; Tl, trochanter index (the ratio of height to leg length); ADI, androgen deficiency
index (the ratio of the length of arm span to height); 2D:4D-right, 2D:4D-left (the ratio of the length of second finger to fourth); LH, luteinizing hormone; FSH,
follicle-stimulating hormone; T/E,, the ratio of testosterone to estradiol concentrations; a, b, c comparisons with different superscripts within variables were

significant (p < 0.05).

with the exception of lower values of TI and the length of the
ring finger in Slavs (p < 0.05). The Slavs differed from the
Yakuts by higher values of almost all anthropometric indica-
tors (p < 0.05), but did not differ in WC and length of both
index fingers, and were characterized by lower TI, ADI and
the length of both ring fingers (p < 0.05, see Table 1). The
Buryats did not differ from the Yakuts in most anthropometric
indicators, with the exception of higher height, TI and lower
WC and ADI (p <0.05). Thus, the Buryats and the Yakuts are
closer to each other in body proportions and are significantly
differentiated from the Slavs.

The serum levels of LH, FSH and estradiol were lower, and
the testosterone level and the T/E, ratio were significantly
higher in Slavs compared to Buryats (p < 0.05, see Table 1).
Buryats and Yakuts did not differ from each other in all hor-
monal parameters, with the exception of lower LH values in
Yakuts (p <0.05). Thus, the Buryats and the Yakuts were close

to each other in hormonal status and more differentiated from
the Slavs. The length of CAG repeats significantly differed
between all ethnic groups (medians: Slavs —23; Buryats —24;
Yakuts — 25, p < 0.05).

Correlations between the AR CAG repeat length, hor-
monal and anthropometric indicators in men of three
ethnic groups. The relationships between the CAG repeat
length, hormonal and anthropometric indicators were deter-
mined by ethnic origin (Table 2). In Buryats, a positive cor-
relation was detected between the CAG repeat length and the
2D:4D ratio right, as well as the estradiol level (p < 0.05),
in Yakuts — between the CAG repeat length and the testo-
sterone level (p <0.05), and in Slavs, no reliable correlations
were found (see Table 2). More numerous correlations were
observed between hormone levels and anthropometric cha-
racteristics, which were also modulated by ethnic origin (see
Table 2). In Buryats, negative correlations were established
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Table 2. Correlations between anthropometric and hormonal parameters,
and AR CAG repeat length in men of three ethnic groups (Spearman’s test)

Parameter Buryats, n =223 Slavs, n =708 Yakuts, n =147
-|- ................... E2 .................. CAG repea ts -|- ................... E2 ................. CAG repeats . -|- ................... Ez ................. CAG ,.epe a ts .

Ageyears .......................... _0139* ........ _0300* ........ _0081 ............. _0297* ........ _0215* ....... _0034 ............. _0123 ............ 0014 ......... _0130 ............

We,ghtkg ......................... _0341* ........ _0153* ........ _0090 ............. _0384* ........ _0047 ......... _0027 ............. _0409* .......... 0067 ......... _0040 ............

He,ghtcm ........................... 0110 ............ 0021 .......... _0093 ............. _0019 .......... _0003 ......... _0015 ............... 0069 ............ 0156 ........... 0010 ...........

Leg |ength cm .................... O 12 1 .......... _0 00 3 .......... _0009 ............... 0 0 94* ......... 001 0 ......... _0027 ............. _0036 ............ 0 2 47* ........ 0 05 4 ...........

-|-| ......................................... _0098 ............ 0 0 6 6 ......... _0092 ............. _0151* ......... 0001 ........... 003 2 ............... 0065 .......... _0 25 1* ....... _0068 ............

Armspancm ...................... 0083 .......... _0141* ....... _0032 ............. _0004 ............ 0035 ......... _0001 ............... 0105 ............ 0068 ........... 0028 ...........

AD| ..................................... _0035 .......... _0262* ......... 0063 ............... 0011 ............ 0046 ........... 003 4 ............... 0079 .......... _0146 ........... 0101 ............

ZDnght cm ........................ 0 12 5 .......... _O 015 ............ 0044 ............ _0 1 77* ......... 0 213* ....... _0007 ............... 0083 ............ 0 1 95* ...... _0015 ............

2D|eft Cm ........................... 0 12 2 .......... _0 03 5 ............ 0019 ............. _0 1 79* ......... 0 1 89* ....... _0009 ............... 005 3 ............ o 2 13* ........ 0 014 ...........

4D”ght Cm ........................ 0 08 9 .......... _0 03 7 .......... _0033 ............. _0 2 12* ......... 0 1 98* ....... _0026 ............... 0086 ............ o 2 02* ...... _0016 ............

4D|eft Cm ........................... 0 08 7 .......... _0 05 9 ......... _0019 ............. _0 2 04* ......... 0 208* ....... _0009 ............... 0064 ............ 0 2 01* ...... _0014 ...........

2D4D ”g ht ......................... O 10 9 ............ 0 1 0 8 ........... 0 1 89* ............ 0 0 93* ......... 0006 ........... 0044 ............. _0010 ............ 002 0 ........... 0 046 ...........

2D4D |eft ............................ 0103 ............ 0097 ........... 0”9 ............... 0097* ....... _0038 ......... _0013 ............. _0046 ............ 0025 ........... 0086 ...........

LHm|U/m| .......................... 0173* .......... 0085 .......... _0010 ............... 0120* ........ _0027 ........... 0043 ............... 0090 ............ 0184* ......... 0052 ............

Testosteronenmom__ ................... 0178* .......... 0090_ ................... 0044 ........... 0062 ............... e 0109 ........... 0164* .........

Estrad, 0|nmo|/|_ ................. 0178* e 0147* ............ 0044 ............ R _0030 ............... 0109 ............ s _0037 ............

* — Correlation is significant (p < 0.05).

between estradiol level and arm span, and ADI (p < 0.05); in
Yakuts — positive correlations between estradiol level and leg
length, and lengths of all four digits (p < 0.05), but negative
correlation between the estradiol level and TI (p <0.05). The
Slavs had a positive correlation between testosterone level and
leg length, as well as both 2D:4D ratios (p < 0.05); a negative
correlation between testosterone level and TI, and lengths of
all four digits (p < 0.05). In addition, positive correlations
were noted between estradiol level and lengths of all four
digits (see Table 2, p <0.05).

Anthropometric and hormonal parameters in sub-
groups with different AR CAG repeat lengths in men of
three ethnic groups. Anthropometric and hormonal data in
the subgroups of short, medium and long CAG repeats in
each ethnic group are presented in Table 3. The Buryats had
significant differences in height, ADI, the 2D:4D ratio right,
estradiol level between the subgroups with short and long
CAG repeats (p < 0.05), the Slavs — in leg length and testo-
sterone level (p < 0.05), the Yakuts — in arm span, ADI, testo-
sterone level (p <0.05). Thus, in all ethnic groups, long CAG
repeats were accompanied by an increased level of steroid
hormones.

Discussion

Comparison of anthropometric and hormonal indicators in
young Russian men of different ethnicity allowed us to es-
tablish reliable ethnic differences in various anthropometric

indicators and the levels of sex steroid hormones. Attention
is drawn to the higher anthropometric indicators that deter-
mine the male stature (height, leg length, arm span) in the
Slavs than the Buryats, and in most cases, than the Yakuts,
which corresponds to a higher current testosterone level and
a lower current estradiol level in the Slavs compared to the
Buryats (the Yakuts occupied an intermediate position). The
established hormonal differences indicate ethnic features in
the functioning of the hypothalamic-pituitary-testicular axis
and suggest that they may have formed during the embryonic
or pubertal periods, and led to ethnic differences in hormone-
dependent anthropometric characteristics in adults. We found
a negative correlation between estradiol levels and arm span
in Buryats, a positive correlation between estradiol levels
and leg length in Yakuts, and a positive correlation between
testosterone levels and leg length in Slavs. Thus, it seems
that in Buryats and Yakuts, estradiol acts as a determinant
of the longitudinal growth of the skeleton, determining the
stature, while in Slavs testosterone performs this function.
Based on these facts, it can be assumed that in adolescence
in Buryats and Yakuts, increased estradiol levels and reduced
testosterone levels, unlike in Slavs, can contribute to earlier
closure of the epiphyseal plates of tubular bones, thereby
stopping their further growth and delaying the growth of the
skeleton.

The length of AR CAG repeats was the shortest among the
Slavs, higher among the Buryats and the highest among the
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Table 3. Comparison of anthropometric and hormonal parameters
according to the length of the AR CAG repeats in men of three ethnic groups

Buryats
Parameter Short Medium Long
CAG<20,n=29 21<CAG<27,n=166 CAG=28,n=27

Parameter Short Medium Long
CAG<19,n=60 20<CAG<24,n=430 CAG=25,n=212

Parameter Short Medium Long

86 BaBunosckuii XKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2024 - 28 « 1



B. Ocapuyk, I.B. Bacunbes
B.

.
A.B. Ocapuyk

Yakuts. Positive correlations between the AR CAG repeat
length and the estradiol levels in Buryats or the testosterone
levels in Yakuts were supplemented by the association of
long CAG repeats with increased estradiol levels in Buryats
and increased testosterone levels in Yakuts and Slavs. Thus,
it were the long CAG repeats that coordinated the variability
of steroid hormone levels in all three ethnic groups. Taking
into account the role of sex steroid hormones as important
regulators of skeletal bone growth and bone tissue homeo-
stasis, it can be assumed that sex steroid hormones can me-
diate the ethno-specific effects of AR CAG repeats on male
anthropometric characteristics. Moreover, the AR CAG repeat
polymorphism can predict the sex steroid level in men of the
ethnic group studied.

In the current paper, the identified effects of long AR CAG
repeats on the steroid hormone levels coincide with those
previously obtained in European men and generally confirm
that individual variability of testosterone and/or estradiol
levels in men may be partially due to the AR CAG repeats
polymorphism (Crabbe et al., 2007; Huhtaniemi et al., 2009;
De Naeyer et al., 2014). In aging men from 8 European coun-
tries, AR CAG repeat length positively correlated with serum
testosterone and estradiol levels, while higher testosterone
levels in men with long AR CAG repeats corresponded to a
lack of age-related hypogonadism in these patients (Huhta-
niemi et al., 2009).

Hormonal effects of the AR CAG polymorphism have
not been confirmed in Filipino men (Ryan et al., 2017) and
Greek men (Goutou et al., 2009). The discrepancy in the re-
sults may be a consequence of ethno-specific characteristics
or mixed ethnic composition of the studied groups. It should
be noted that lifestyle factors (obesity, physical inactivity,
taking anabolic steroids, stress, etc.) can affect the hormonal
background, and altered levels of testosterone or estradiol
will mask the genetic effects of the AR CAG polymorphism
in men (Wrzosek et al., 2020).

Studies in vitro and in vivo demonstrated that the longer
the length of AR CAG repeats, the weaker the transactivation
ability of AR and the weaker the effects of androgens in target
tissues. A possible mechanism underlying this phenomenon
may be related to specific proteins known as coregulators
that modulate the transcriptional activity of androgen-bound
AR (Buchanan et al., 2004; Davey, Grossmann, 2016). In
Slavs and Yakuts, an increase in the CAG repeat length is
accompanied by an increase in testosterone levels, which
compensates for a decrease in AR functional activity. In ad-
dition, in the hypothalamic-pituitary-testicular system, longer
AR CAG repeats weaken androgen feedback and increase
testosterone levels (Huhtaniemi et al., 2009). From a genetic
point of view, the AR CAG polymorphism is one of many
genetic factors underlying the genetic control of testosterone
levels as a polygenic trait.

The normal AR function is maintained in a critical and
limited range of CAG repeat lengths. Molecular modeling
revealed a critical range of 1629 triplets that would maintain
maximum interaction between the transactivating domain and
hormone binding domain of the AR (Nenonen et al., 2010).
Consequently, the analysis of CAG repeat length in linear
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regression models, performed in most studies, is probably not
adequate enough, and data stratification may be an alterna-
tive way to study the relationship of CAG repeat length with
phenotypic traits. Indeed, in our study, we failed to establish
the linear relationship between the AR CAG repeat length and
the steroid hormone level in the Slavic group, however, when
stratifying CAG repeats into short, medium and long, the ef-
fects of long CAG repeats were revealed. A similar way has
been successfully applied in other studies that have established
the stimulating effects of long AR CAG repeats on a number
of hormonal and anthropometric traits, including the level of
total and/or free testosterone and/or estradiol (Crabbe et al.,
2007; De Naeyer et al., 2014; Khan et al., 2018), as well as
height, body weight, bone mineral density in adolescent boys
(Rodriguez-Gareci et al., 2015).

As already mentioned, the testosterone effect on bone
growth and metabolism is exerted together with estradiol after
the conversion of testosterone into estradiol by the aromatase
enzyme, and is mediated by estrogen receptors ERa, ERf
(Almeida et al., 2017; Alemany, 2022). Probably, in Buryat
carriers of long AR CAG repeats, the estrogen effect on some
anthropometric indicators (height, ADI, the 2D:4D ratio) may
be due to the increased aromatase activity involved in the ac-
tion of androgen and AR on bone growth.

The variability of the AR CAG repeat length associated
with testosterone levels can already affect anthropometric
parameters in embryogenesis, including finger length and the
2D:4D ratio (Manning et al., 2002; Mclntyre, 2006; Grimbos
etal., 2010; Knickmeyer et al., 2011; Folland et al., 2012). In
our study, the CAG repeat length positively correlated with the
2D:4D ratio, and long AR CAG repeats increased the 2D:4D
ratio in Buryats; it could probably be due to lower prenatal
androgenization. However, we found a positive relationship
between testosterone levels and both 2D:4D ratios in Slavic
men, which does not seem to be associated with long AR
CAG repeats. It is worth noting that the validity of the 2D:4D
ratio remains controversial, since the research data are very
contradictory. There are studies both confirming and not
confirming the relationship of the digit index with the level
of testosterone and/or estradiol or with the CAG repeat length
in adult men (Honekopp et al., 2007; Knickmeyer et al., 2011;
Muller et al., 2011; Hénekopp, 2013; Zhang et al., 2013). In
animal studies, there is more reliable experimental evidence
of the effect of prenatal sex hormones on the 2D:4D ratio and
its relation to the AR CAG repeat length (Zheng, Cohn, 2011;
Swift-Gallant et al., 2020). Our results complement the exist-
ing studies, but indicate the ethnic characteristics of such as-
sociations.

Conclusion

The study found 1) differences in hormonal and anthropomet-
ric indicators between men of three ethnic groups: Buryats,
Yakuts and Slavs; 2) ethno-specific correlations between hor-
monal and anthropometric indicators; 3) ethno-specific posi-
tive correlations between the AR CAG repeat length and sex
steroid levels; 4) ethno-specific effects of long AR CAG re-
peats on selected anthropometric traits and sex steroid levels
in all ethnic groups.
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Abstract. In order to clarify the history of gene pool formation of the indigenous populations of the Northern
Priokhotye (the northern coast of the Sea of Okhotsk), Y-chromosome polymorphisms were studied in the Koryaks
and Evens living in the Magadan region. The results of the study showed that the male gene pool of the Koryaks
is represented by haplogroups C-B90-B91, N-B202, and Q-B143, which are also widespread in other peoples of
Northeastern Siberia, mainly of Paleo-Asiatic origin. High frequency of haplogroup C-B80, typical of other Tungus-
Manchurian peoples, is characteristic of the Evens of the Magadan region. The shared components of the gene
pools of the Koryaks and Evens are haplogroups R-M17 and I-P37.2 inherited as a result of admixture with Eastern
Europeans (mainly Russians). The high frequency of such Y chromosome haplogroups in the Koryaks (16.7 %) and
Evens (37.8 %) is indicative of close interethnic contacts during the last centuries, and most probably especially
during the Soviet period. The genetic contribution of the European males’ Y chromosome significantly prevails over
that of maternally inherited mitochondrial DNA. The study of the Y chromosome haplogroup diversity has shown
that only relatively young phylogenetic branches have been preserved in the Koryak gene pool. The age of the old-
est component of the Koryak gene pool (haplogroup C-B90-B91) is estimated to be about 3.8 thousand years, the
age of the younger haplogroups Q-B143 and N-B202 is about 2.8 and 2.4 thousand years, respectively. Haplogroups
C-B90-B91 and N-B202 are Siberian in origin, and haplogroup Q-B143 was apparently inherited by the ancestors of
the Koryaks and other Paleo-Asiatic peoples from the Paleo-Eskimos as a result of their migrations to Northeast Asia
from the Americas. The analysis of microsatellite loci for haplogroup Q-B143 in the Eskimos of Greenland, Canada
and Alaska as well as in the indigenous peoples of Northeastern Siberia showed a decrease in genetic diversity from
east to west, pointing to the direction of distribution of the Paleo-Eskimo genetic component in the circumpolar
region of America and Asia. At the same time, the Evens appeared in the Northern Priokhotye much later (in the
XVII century) as a result of the expansion of the Tungusic tribes, which is confirmed by the results of the analysis of
haplogroup C-B80 polymorphisms.
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l'eHeTHYecKas MCTOPYSI KOPSIKOB 1 9BeHOB MaragaHcKoil 06/1acTu
110 TAHHBIM O ITOAMMOpP@Pu3Me Y-XpOMOCOMBI
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® malyarchuk@ibpn.ru

AHHOTauuA. [1na NpoAcHeHnA uctopun GopMMpPoBaHNA reHOPOHAOB KOpeHHoro HaceneHua CeBepHoro lMNpu-
OXOTbA U3yuyeH NoMMopPdU3M Y-XpPOMOCOMbI y KOPAKOB 1 3BeHOB MaragaHckol obnacTtu. PesynbTaTbl nccnepo-
BaHWA MOKasanu, YTO MY>KCKON reHodOHJ KOPAKOB npefcTasnieH rannorpynnamu C-B90-B91, N-B202, Q-B143,
pacnpocTpaHeHHbIMK TakXe y apyrux Hapogos CeBepo-Boctoka Cnbupy npenmMyLecTBEHHO ManeoasmaTckoro
npoucxoxaeHua. na sseHoB MaragaHckoln 065acTu XxapakTepHa BblcoKaa yactoTa rannorpynnbl C-B80, coit-
CTBEHHOW 1 ANA APYTrUX TYHIYCO-MaHbYKypPCKMX HapogoB. OBLMM KOMMNOHEHTOM reHOpOHAO0B KOPAKOB U SBEHOB
asnatTca rannorpynnbl R-M17 v I-P37.2, yHacnepgoBaHHble B pe3ynbTate meTucaumnm ¢ NPULLIIbLIM BOCTOYHOEBPO-
nenckmm (MpemmyLecTBEHHO PYCCKMM) HaceneHneMm. Bbicokaa yacToTa Takoro poaa raniorpynn Y-XpomMoCOoMbl y
KopAKoB (16.7 %) 1 3BeHOB (37.8 %) CBUAETENbCTBYET 06 MHTEHCUBHBIX MEXITHUYECKNX KOHTaKTaxX Ha MPOTSXKeHUN
nocnefHUX CTONeTUin, 1 0CobeHHo, No BCel BUAMMOCTU, B COBETCKOE BpeMs. MpnyemM reHeTUYeCKunin BKnag co CTo-
POHbI €BPONENCKMX MYXKUMH (MO Y-XpPOMOCOMe) CyLLeCTBEHHO NpeobnafaeT Haj TakoBblM CO CTOPOHbI XEHLMH (Nno
mutoxoHapuanbHon AHK). MccnepoBaHune pasHoobpasna ransorpynn Y-XpoOMOCOMbI NOKa3aso, YTo B reHopoHae
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leHeTnyecKas NCTOpUsA KOPAKOB 1 3BeHOB MaragaHcKoi o6nactu
Mo AaHHbIM O nonMMopdr3me Y-XpOMOCOMbI

KOPAKOB COXPaHUINCh TONIbKO OTHOCUTENIbHO Mosiofble punoreHeTuyeckune BeTeu. Bospact Hanbonee gpeBHero
KOMMOHeHTa reHodoHZa KopskoB (rarorpynna C-B90-B91) oueHunBaeTcs nprmepHo B 3.8 TbIC. NIeT, Bo3pacT bonee
monopbix rannorpynn Q-B143 n N-B202 coctaBnseT npuMepHo 2.8 1 2.4 TbiC. €T COOTBETCTBEHHO. [annorpynnbl
C-B90-B91 1 N-B202 aBnATca cnbupckumy No NPOUCXOXAEHMIo, a rannorpynna Q-B143, BepoATHo, yHacneno-
BaHa NnpeaKammn KOPAKOB (1 APYrunx naseoasnaTCckux HapoAoB) OT Naneo3CKUMOCOB B pe3ysbTaTe X MUrpaumi Ha
CeBepo-BocTok A3nmn 13 Amepurkn. AHann3 MUKPOCaTENNINTHBIX JIOKYCOB ANA rannorpynmnbl Q-B143 y ackumocos
IpeHnanguu, KaHagbl 1 ANACKY, a TakKe y NpeacTaBuTenell KopeHHoro HaceneHus CeBepo-Boctoka Cnbvpm Bbl-
ABWJI CHVPKEHVE FEHETUYECKOro pa3Hoobpa3mnsa ¢ BOCTOKA Ha 3amnaj, YTo YKasblBaeT Ha HarpaBsJieHre pacnpocTpa-
HEHWA Naneo3CKNMMOCCKOTO reHeTNYECKOro KOMMOHEHTa B LIMPKYMMONAPHOM pernoHe AMepuku 1 A3nn. IBeHbl xe
noasunucb B CeBepHoMm lNpuroxoTbe HamHoro nosxe (8 XVIl B.) B pe3ynbrate 3KCMaHCUMN TYHTYCCKMX MIEMEH, YTO
NOATBEPXKAAETCA AaHHbIMM aHanm3a nonmmopousma rannorpynnsl C-B80.

KnioueBble cioBa: Y-xpomocoma; nonnMopdrsm; Monynaumm YenoBeka; KOpPAKK; SBEHbI; reHeTUYeCKana UCTopuA.

Introduction

The extreme Northeast of Siberia is inhabited by the Chukotka-
Kamchatkan peoples (the Chukchis, Koryaks, Itelmens) and
the Eskimos, which are characterized by genetic peculiarities
and occupy a distinct position among the ethnogeographical
groups of Northern Eurasia (Rasmussen et al., 2010; Fedorova
etal., 2013; Cardona et al., 2014; Pagani et al., 2016; Pugach
et al., 2016; Gorin et al., 2022). According to paleogenomic
data, the genetic specificity of these peoples is due to their
ancient Paleo-Siberian genetic substrate, inherited in part by
the Native Americans (Sikora et al., 2019). Meanwhile, the
results of the analysis of autosomal loci polymorphism in the
indigenous Siberian populations have shown that in the east
of Siberia the appearance of alleles of European origin is es-
timated to be relatively recent (about 3—6 generations ago),
which is associated with the Russian discovery of Siberia,
starting mainly from the XVII century and especially intensive
during the Soviet period (Cardona et al., 2014). Moreover, va-
rious studies demonstrate that the flow of European genes into
the gene pools of the indigenous populations of Northeastern
Siberia was carried out predominantly by men (Balanovska et
al., 2020a, b; Agdzhoyan et al., 2021; Solovyev et al., 2023).
In this regard, the contribution of European Y chromosome
variants to the gene pools of indigenous peoples of North-
eastern Siberia and other Arctic regions usually exceeds that of
European maternally inherited mitochondrial DNA (mtDNA)
variants (Bosch et al., 2003; Rubicz et al., 2010; Dulik et al.,
2012; Olofsson et al., 2015).

The results of genetic studies of the indigenous populations
of the northern coast of the Sea of Okhotsk — the Koryaks and
Evens of the Magadan region — have shown that they have
a very low frequency of European mtDNA variants (only in
the Evens it reaches 4 %) (Derenko et al., 2023), and accord-
ing to the results of genome-wide analysis, the frequency of
the European genetic component in the Northeastern Sibe-
rian populations has significantly increased only in the last
~100 years (Cardona et al., 2014). Most likely, this may be
related to the increased European contribution by males, and
therefore, the aim of this paper is to analyze the Y chromo-
some polymorphism in the indigenous populations of the
Magadan region.

Materials and methods
Unrelated males from the indigenous populations of the Ma-
gadan region (the Koryaks and Evens) were studied (Sup-

plementary Materials 1 and 2)!. Based on survey data, the
Koryaks (N =36) and Evens (N = 61) studied had identified
themselves as belonging to the above ethnic groups for at least
2-3 generations. According to the results of mtDNA analysis,
all individuals studied are characterized by haplotypes of
Northeast Asian origin.

DNA was extracted and purified from whole blood as we
previously described (Derenko, Malyarchuk, 2010). Samples
were genotyped for 12 microsatellite (STR) loci (DYS19,
DYS385a, DYS385b, DYS3891, DYS389II, DYS390,
DYS391, DYS392, DYS393, DYS437, DYS438, DYS439)
using PowerPlex Y System (Promega Corporation, Madison,
WI, USA). Alleles were detected by capillary electrophore-
sis on ABI 3500xL Genetic Analyzer (Applied Biosystems,
USA). The results were analyzed using the programs Genscan
v. 3.7 and Genotyper v. 3.7 (Applied Biosystems). Data for
DYS385 loci were not considered in the statistical analysis
because the order of the DYS385a and DYS385b loci on the
Y chromosome is unknown. The number of repeats at the
DYS3891I locus was determined by subtracting the length of
the smaller repeat (DY S3891) from the length of the larger
repeat (DY S389I1).

Y chromosome haplogroups were determined by direct
DNA sequencing or restriction fragment length polymorphism
analysis of haplogroup markers as we described previously
(Malyarchuk et al., 2013). Data on variability of the B77, B79,
B80, B81, B90, B91, B92, B94, B143, B186, B202, B203,
B204, and B471 loci were obtained earlier in studies of whole
Y chromosome variability in different ethnic groups, including
some Koryak and Even individuals from the Magadan region
(Karmin et al., 2015).

The Vp statistic, the average dispersion of the number of
repeats in STR loci, was used to estimate intrapopulation
genetic diversity (Kayser et al., 2001). The evolutionary age
of the Y chromosome haplogroups was calculated based on
the analysis of the average number of repeats in loci and their
variance (Zhivotovsky et al., 2004). The mutation rate value
used in the calculations, 2.79-10-3 substitutions per locus per
generation, was obtained by averaging mutation rates for the
10Y chromosome loci analyzed, according to Ballantyne et al.
(2010). The program Network 10.2 (www.fluxus-engineering.
com) was used to construct median networks of the Y chromo-
some STR haplotypes.

T Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Malyar_Engl_28_1.pdf
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Results and discussion

The results of the study of Y chromosome polymorphism
showed that the male gene pool of the Koryaks living in the
Magadan region is represented mainly by haplogroups C, N,
and Q (Table 1). European lineages in the Koryaks were found
at a frequency of 16.7 % for haplogroups R-M17, I-M253,
and [-P37.2. The frequency of European haplogroups is even
higher among the Evens — 37.8 %. They are represented by
haplogroups R-M17, R-M269, 1-P37.2, as well as N-B186,
which is characteristic of the peoples of Northeastern Europe
(Karmin et al., 2015). The East Asian component of the Even
gene pool consists of various subgroups of haplogroup C
(55.7 % in total). In addition, haplotypes belonging to hap-
logroup Q-M3, which is widespread among the Native Ameri-
cans and Eskimos, have been found in the Evens.

Haplogroup C variants in the Koryak and Even populations
differ significantly. The Koryaks are characterized by the B90
and B91 specific markers, while the Evens fall into the B80-
defined subgroup. According to the results of whole-genome
studies, the B90 marker is specific for the Y chromosomes of
the indigenous populations of Northeastern Siberia (the Ko-
ryaks, Evenks, and Ulchi) (Karmin etal., 2015; Balanovska et
al., 2018), and the B91-defined subgroup is present only in the
Koryaks (Karmin et al., 2015). Its frequency in the Koryaks
of the Magadan region is 27.8 % (see Table 1).

According to the results of molecular dating based on the
analysis of polymorphism associated with single nucleotide
substitutions (SNP) in whole Y chromosomes, the age of the
B91 subgroup is estimated at 3.8 (3.0-4.7) thousand years
(Karmin et al., 2015). The age of the upstream C-B90 sub-
group is approximately 5.0 (4.2-5.7) thousand years. Based
on the similarity of STR profiles, B90 haplotypes appear to
be predominantly distributed in Northeastern Siberia, since, in
addition to the Koryaks, Evenks and Ulchi, homologous STR
haplotypes are observed in the Yakuts, Yukaghirs, Itelmens,
and Evenks?. In our study, a single homologous B90 haplotype
(similar to that of the Koryaks) was also found in the Evens.

In the Evens, the C subgroup, marked by a substitution at
locus B8O, is mainly distributed (see Table 1). It is known
that B80 haplotypes, in addition to the Evens, are also charac-
teristic of other Tungus-Manchurian peoples (the Orochens,
Evenks, and Manchurians) (Yu et al., 2023). The evolutionary
age of this subgroup, according to the SNP data, is 1.7 (1.2—
2.2) thousand years (Karmin et al., 2015). The results of the
analysis by H.-X. Yu et al. (2023) have shown that the age of
the B80 subgroup is estimated to be about 2 thousand years,
while the B81 and B471 haplotypes specific to the Evens
originated in the Amur region and spread to Northeastern
Siberia as a result of the migrations of the Tungus ancestors
in the last approximately 1.5 thousand years.

The N haplogroup in the Koryaks of the Magadan region
is represented exclusively by the N-B202 branch (25 %). The
same subgroup predominates in the gene pool of the Chukchi
(Karmin et al., 2015; Ilumée et al., 2016; Agdzhoyan et al.,
2021), and is also found in the neighboring peoples — the
Itelmens and Eskimos (Agdzhoyan et al., 2021). The age of

2 Adamov D.S. Summary table of Y-STR haplotypes of haplogroup C-M48 of
Yakut-Sakha. 2019. https://www.researchgate.net/profile/Dmitry-Adamov/
publications/ (Reference date: September 5, 2023).

Genetic history of the Koryaks and Evens of the Magadan region
based on Y chromosome polymorphism data

Table 1. Frequency (in %) of Y chromosome haplogroups
in the Koryaks and Evens of the Magadan region

Haplogroup Koryaks (N=36) Evens (N=61)
CM 217M4 8390 5913 9 2 ....... 139 ........................... 0 ...........................
CM 217M4 8390 3913 9 4 ...... 139 ........................... 0 ...........................
CM217M48390 ........................ 016 ........................
CM217M48380381 ................. 0164 ........................
CM 217M4 3380 B471 ............... O ............................ 26 2 ........................
CM217M48 ................................ 28”5 ........................
CM 21737 7 ................................. 28 ........................... 0 ...........................
CM 21737 9 ................................. 28 ........................... 0 ...........................
CM 217 ........................................ 28 ........................... 0 ...........................

N-B186 0 33
N_M46 .......................................... 0 .............................. 33 ........................
Q_B143 ....................................... 167 ........................... O ...........................
. Q_M346_M3 ................................. O .............................. 33 ........................
O_an ........................................ 28 ........................... 0 ...........................
RM” ........................................... 83 ......................... 279 ........................
RM269 ........................................ O .............................. 33 ........................
I_M253 .......................................... 28 ........................... O ...........................
|_P372 .......................................... 28 ........................... 33 ........................
J-M314 ......................................... 28 ........................... O ...........................

the N-B202 branch is approximately 2.4 (1.8-3.1) thousand
years (Ilumée et al., 2016). This haplogroup consists of two
subgroups, the older N-B204 (estimated to be about 1.4 thou-
sand years old based on STR haplotype diversity) and the
younger N-B203 (about 600 years old) (Agdzhoyan et al.,
2021). In the Chukchi, both subgroups are present to a nearly
equal extent, with the older subgroup N-B204 predominating
in the Koryaks (see Supplementary Material 1). In the Evens
of the Magadan region, haplogroup N was found at a relatively
low frequency (6.6 %) and is represented by different haplo-
types. In this respect, the Magadan Evens are similar to the
Kamchatkan Evens, but differ from the Okhotsk Evens, who
are characterized by the “Amur region” subgroup N-B479 at
a frequency of 10 % (Agdzhoyan et al., 2019).

Haplogroup Q represents the oldest component of the gene
pools of the indigenous populations of Siberia and America.
Haplogroup Q-F903 was found in an Upper Paleolithic in-
habitant of Eastern Siberia (the Afontova Gora archaeological
site, approximately 17 thousand years old) (Raghavan et al.,
2014), and haplogroup Q-B143 was revealed in Northeastern
Siberia (the Duvanniy Yar site, about 10 thousand years old)
(Sikora et al., 2019). The same haplogroup was reported in
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Table 2. Diversity and evolutionary age of the Q-B143 STR haplotypes in the Eskimo and Paleo-Asiatic peoples

Geographic region N n
NortheastAS|a12 ........................................ 6 ...........
A|aska ................................................... 34 ...................................... 18 ...........
Canada .................................................. 28 ...................................... 20 ...........
Greemand ............................................. 70 ...................................... 27 ...........

Vp Age, thousand years
........................... 00580747i0401
........................... 0181184210525
........................... 01601703i0769
........................... 02082456i”88

Note. Nis the sample size, n is the number of STR haplotypes, Vp is the variance of the number of repeats in STR loci.

a representative of the Paleo-Eskimo Sakkak culture who
lived in Greenland about 4 thousand years ago (Rasmussen et
al., 2010). Currently, haplogroup Q-B143 is distributed only
among the indigenous populations of the American Far North,
Greenland and Siberia (Malyarchuk etal., 2011; Karmin et al.,
2015; Grugni et al., 2019; Luis et al., 2023). In the Koryaks
of the Magadan region, this Q haplogroup was detected with
a frequency of 16.7 % (see Table 1). According to indirect
data (based on the frequencies of haplogroups Q(xM346) and
Q-NWTO01, as well as on the similarity of STR haplotypes),
haplogroup Q-B143 is present in the Koryaks of Kamchatka
(with frequency varying from 6 to 18 %) (Karafet et al., 2018),
in the Chukchi (13 %)3, in the Yukaghirs (30.8 %) (Pakendorf
etal., 2006), and it has also been found with high frequencies
(up to 50 %) in the Eskimos of Alaska, Canada and Greenland
(Dulik et al., 2012; Olofsson et al., 2015; Luis et al., 2023).

The presence of haplogroup Q-B143 in the Northeast of
Siberia about 10 thousand years ago and at present suggests
that Q-B143 is the most ancient Siberian component that has
been a part of the gene pools of the Paleo-Asiatic peoples
and their ancestors. Archaeological data, as well as the re-
sults of the study of haplogroup Q polymorphism, showed
that about 5 thousand years ago the carriers of haplogroup
Q-B143 (as well as unsuccessful Q-L713 and Q-preM120)
migrated from Siberia to America and then to Greenland and
became the founders of the Paleo-Eskimo culture (Grugni et
al.,2019). However, the results of the Q-B 143 dating showed
that the age of this haplogroup in modern Koryaks is only
about 2.8 thousand years, which indicates the possibility
of back migration of the carriers of these haplotypes (most
likely, the Paleo-Eskimos) from North America to Northeast
Asia (Grugni et al., 2019). Similarly, the results of studies of
STR variability within haplogroup Q-B143 in Greenlandic
and North American Eskimos showed that the diversity and
evolutionary age of haplotypes in Greenlandic Eskimos are
higher than in Canadian and Alaskan Eskimos (Olofsson et
al., 2015; Luis et al., 2023). In this connection, these authors
suggested that haplogroup Q-B143 was spread by the Paleo-
Eskimos from the east to the west of America and, moreover,
became one of the main components of the gene pool of
the Neo-Eskimos, which most likely formed in the north of
America about 700 years ago.

Since Luis et al. (2023) did not investigate Q-B143 hap-
lotypes in the indigenous populations of Northeast Asia, we

3 Kharkov V.N. Structure and phylogeography of the gene pool of the indi-
genous population of Siberia according to Y chromosome markers. Dr. Biol.
Sci. Diss. Tomsk, 2012. (in Russian).

analyzed STR haplotype diversity in samples of Greenlandic,
Canadian, and Alaskan Eskimos (based on data from Dulik et
al. (2012), Olofsson et al. (2015), Luis et al. (2023)), and in
the Koryaks, Yukaghirs, and Chukotkan Eskimos (according
to Pakendorf et al. (2006), Luis et al. (2023), and the present
study). The results of our study showed that, indeed, Northeast
Asian sample has the lowest diversity of Q-B143 haplotypes
compared to Greenlandic and North American ones, indicating
that these haplotypes appeared in Northeast Asia later than in
North America and Greenland (Table 2).

It is necessary to note the discrepancy between the dates
obtained using STR markers and whole-genome SNP data,
because the evolutionary age of haplogroup Q-B143 in the
Koryaks according to SNP data (2.8+0.9 thousand years as
per Grugni et al. (2019)) exceeds that obtained using STR
markers for the indigenous population of Northeastern Siberia
(0.7+0.4 thousand years) (see Table 2). This is most likely due
to the very large mismatch in the number of variable positions
for the compared genetic systems, the high probability of re-
current (forward and reverse) mutations for rapidly evolving
STR loci, and the dependence of such mutational events on the
age of haplogroups. Therefore, it is likely that STR dates close
to the whole-genome ones can be obtained only for young
branches (Agdzhoyan et al., 2021). Thus, if we focus on the
whole-genome SNP dating (as more accurate), we can assume
that the appearance of haplogroup Q-B143 in Northeast Asia
occurred long before the appearance of the Neo-Eskimos and
is thus associated with the migrations of the Paleo-Eskimos.
The possibility of such events is evidenced by archaeological
data, according to which the Paleo-Eskimo cultural tradition
was established in Chukotka about 3.0-3.5 thousand years ago
(the Chertov Ovrag site on Wrangel Island and the Unenen
settlement), as well as in the Sea of Okhotsk’s northern coasts
by representatives of the Tokarev culture (probable ancestors
of the Koryaks) about 2.8 thousand years ago (Grebenyuk et
al., 2019). The low level of diversity of Northeastern Siberian
STR haplotypes and their peripheral position in the median
network among the huge number of Q-B143 haplotypes of
Arctic peoples indicate a very small number of successful
(in terms of reproduction) migrations of the Paleo-Eskimos
to the Asian coast (see the Figure). In fact, a single haplotype
(ht20 in the Figure) is the most likely ancestor for the other
haplotypes identified in the Koryaks and Yukaghirs.

The low level of heterogeneity of Q-B143 haplotypes in the
indigenous populations of Northeastern Siberia also indicates
that the most ancient haplotypes, ancestral to the haplotypes
of the Paleo-Eskimos of the north of America and Greenland,
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ht28 <L

Median network of STR haplotypes belonging to Y chromosome haplogroup Q-B143 in the Eskimos of Greenland (green), Canada (blue), Alaska (white)
and in the indigenous population of Northeast Siberia (the Koryaks, Yukaghirs, Eskimos) (red).

have not been preserved in their gene pools. This seems quite
likely, given the low effective population size of Northeastern
Siberians and the increasing role of genetic drift under these
conditions, as well as the continuing influence from neighbor-
ing Siberian populations. It is known that periods of almost
complete population replacements occurred more than once
during the 35 thousand years of Siberia’s population history
(Sikora et al., 2019).

Traces of later contacts between the Neo-Eskimos and Pa-
leo-Asiatic peoples are very strongly recognized by genetic
data. The Neo-Eskimos were formed on the basis of two ge-
netic components — the Paleo-Eskimo and the Paleo-Indian
ones (Flegontov et al., 2019; Sikora et al., 2019). At that, the
Paleo-Indian component of the Neo-Eskimos is well recog-
nized by mtDNA haplogroups (A2a, A2b) and Y chromosome

haplogroups (Q-M3). Therefore, by the presence of these hap-
logroups, it is possible to estimate the genetic contribution of
the Neo-Eskimos. Based on mtDNA markers, the frequency of
haplogroups A2a and A2b is very high in the Asian Eskimos
and Chukchi, while among other Paleo-Asiatic peoples, these
haplogroups were found only in the Koryaks at frequencies
ranging from 2.7 to 9.1 %* (Derenko et al., 2023). On the
Y chromosome, the Paleo-Indian contribution, marked by
haplogroup Q-M3, in the Chukchi and Kamchatkan Koryaks
has been estimated to be 11.0 and 6.1 %, respectively?. The

4 Starikovskaya E.B. Phylogeography of the mitogenomes of indigenous popu-
lations of Siberia. Dr. Biol. Sci. Diss. Novosibirsk, 2016. (in Russian).

> Kharkov V.N. Structure and phylogeography of the gene pool of the indigen-
ous population of Siberia according to Y chromosome markers. Dr. Biol. Sci.
Diss. Tomsk, 2012. (in Russian).
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Q-M3 haplogroup was not detected in the Koryak population
we studied; however, the frequency of this haplogroup in the
Evens is 3.3 % (see Table 1). The most probable reason for the
appearance of the “American” haplogroup Q-M3 in the Evens
of the Magadan region is interethnic contacts, either with the
Koryaks or directly with the Eskimos or related tribes, which,
according to archaeological, ethnographic and linguistic data,
could have lived on the Sea of Okhotsk coast as early as in
the beginning of the 2nd millennium AD (Burykin, 2001).

The high level of interethnic admixture in Northeastern Si-
beria, mentioned in a number of studies (Khakhovskaya, 2003;
Balanovska et al., 2020a, b), is associated with the economic
development of this region, first by Russian explorers and
then, in the Soviet period, by numerous migrants, mainly of
Eastern European origin. In the present study, we also found
a high frequency of Y chromosome haplogroups characteris-
tic of Eastern Europeans (and Russians, in particular): hap-
logroups R, I and J (Derenko et al., 2006; Balanovsky et
al., 2008). In the Koryaks, their frequency was 16.7 %, and
37.8 % in the Evens (see Table 1). Moreover, in the Evens, the
diversity of R-M17-haplotypes significantly exceeds that of
the C-M217 haplogroup characteristic of the Evens themselves
(Vp=0.225 and 0.1, respectively). Meanwhile, the results of
the study of maternally inherited mtDNA variability in the
Koryaks and Evens of the Magadan region showed that they
have a very low frequency of European mtDNA variants (up
to 4 % in the Evens) (Derenko et al., 2023). The obtained
results, thus, testify to a long history of admixture between
the indigenous and immigrant populations in the territory
of the Magadan region, as well as to the fact that immigrant
men were predominantly involved in interethnic marriages
and most of the children of such marriages were likely to be
registered as indigenous, which is also typical of other areas
of Northeastern Siberia according to demographic data (Kha-
khovskaya, 2003; Balanovska et al., 2020b).

Conclusion

The results of the study have shown that the male gene pools
of the indigenous populations of the Magadan region — the
Koryaks and Evens — differ significantly in their structure. The
Koryaks have a specific set of Y chromosome haplogroups
similar to those of the indigenous peoples of Northeastern
Siberia: C-B90-B91, N-B202, Q-B143, while the Evens are
characterized by a high frequency of haplogroup C-BS80,
common among the Tungus-Manchurian peoples. The hap-
logroups common to the Koryaks and Evens (such as R-M17
and I-P37.2) were obtained from Eastern European migrants
as a result of interethnic admixture. The high frequency of this
kind of Y chromosome haplogroups in the indigenous peoples
of the Magadan region testifies to rather intensive interethnic
contacts, mainly from the side of Eastern European males.
The analysis of the evolutionary age of aboriginal Y chromo-
some haplogroups has shown that the gene pools of the Ko-
ryaks and Evens are represented by relatively young phyloge-
netic branches. In the Koryaks, the age of the oldest compo-
nent of the gene pool (haplogroup C-B91) is estimated to be
about 3.8 thousand years; later, haplogroups Q-B143 (about
2.8 thousand years ago) and N-B202 (about 2.4 thousand
years ago) appeared in the Koryak gene pool. The Q-B143
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haplogroup was most likely inherited by the ancestors of the
Koryaks (as well as other Paleo-Asiatic peoples) from the
Paleo-Eskimos as a result of their migrations along the Sea of
Okhotsk coast. The Evens appeared in the Northern Priokhotye
much later (in the XVII century) as a result of the expansion
of Tungusic-speaking populations, which is confirmed by the
results of the analysis of haplogroup C-B80 polymorphism.
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Abstract. Commercial panels of microsatellite (STR) loci are intended for DNA analysis of the domestic dog (Canis lupus
familiaris) and, therefore, when genotyping the Grey wolf (Canis lupus lupus), most markers reveal significant deviations
from the Hardy-Weinberg equilibrium and have a low informative value, which complicates their use in a forensic exa-
mination. The aim of this study was to select STR markers that equally effectively reflect population polymorphism in the
wolf and the dog, and to create a universal panel for the identification of individuals in forensic science. Based on the
study of polymorphisms of 34 STR loci, a CPlex panel of 15 autosomal loci and two sex loci was developed, which is equal-
ly suitable for identifying wolfs and dogs. Analysis of molecular variance (AMOVA) between samples revealed significant
differentiation values (Fs; = 0.0828, p < 0.05), which allows the panel to be used for differentiating between wolf and dog
samples. For the first time in the forensic examination of objects of animal origin in the Republic of Belarus, population
subdivision coefficients (0-values) were calculated for each of the 15 STR loci of the test system being reported. It was
shown that the values of the genotype frequency, when averaged over all studied animals without and with considering
the B-value, differ by three orders of magnitude (3.39-10-17 and 4.71-10-4, respectively). The use of population subdi-
vision coefficients will provide the researcher with the most relevant results of an expert identification study. The test
system was validated in accordance with the protocol of the Scientific Working Group on DNA Analysis Methods. A com-
putational tool was developed to automate the analysis of genetic data on the wolf and dog in the forensic examination;
two guides were approved for practicing forensic experts. This methodology is being successfully used in expert practice
in investigating cases of illegal hunting, animal abuse and other offenses in the Republic of Belarus.

Key words: microsatellites; polymorphism; differentiation; identification; Canis lupus familiaris; Canis lupus lupus; wildlife
forensic science.
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YHUBepcajabHad raHenab STR-JI0OKYCOB
IJISI ICciemoBaHMs rmoaumop@uiaMa Buga Canis lupus
I KPpUMMVHAJINCTUYECKO nAeHTUdMUKaIny cCooaky 1 BOJIKa
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AHHoOTauuA. Kommepueckre naHenn MuKpocatennuTHolx (STR) noKycoB npefHa3HauyeHbl gna pabotol ¢ AHK cobaku go-
mawwuHeii (Canis lupus familiaris), B cBA3U C YeM NPU reHOTUNMMPOBaHKMN BOJKa 06bIKHOBEHHOTO (Canis lupus lupus) 6onb-
LUIMHCTBO MAPKEPOB MOKa3blBaloT CyLLECTBEHHbIE OTKIIOHEHUA OT paBHOBecUa Xapan-BaiiHbepra u NMeIOT HU3KWIA No-
KasaTenb MHGOPMATUBHOM LIEHHOCTH, YTO OCIIOXKHAET UX UCMONb30BaHKe B CyaebHon skcnepTu3se. Llenbio HacToAwero
nccnenoBaHna ctan nogbop STR-mMapKepoB, KOTOpble OANHAKOBO 3bPeKTMBHO 0TOBPaKaloT NOMYNALMOHHbIN NONUMOP-
¢$u13m Bonka n cobaku, C nocneayoLwmnm co3faHnem yHBepcanbHON NnaHenn ana anddepeHuymaumm n ngeHTudrkaumum
ocobeit Bonka 1 cobakn B KpMUHanucTrKke. Ha ocHoBe nccnefoBaHma nonmmopdurama 34 STR-NOKyCOB CKOHCTPYUPO-
BaHa naHenb CPlex 13 15 ayTOCOMHBbIX NOKYCOB 1 ABYX JIOKYCOB MOMOBOW NPUHAANIEXHOCTY, KOTOpas OAUHAKOBO Mpu-
MEHUMA AN naeHTUdUKaLMM BOJIKa U cobaku. AHanu3 monekynspHoi aucnepcum (AMOVA) mexay Bbl6opKamm BbisiBUN
focToBepHble 3HaveHuA guddeperHumanmm (Fgr = 0.0828, p < 0.05), 4To NO3BOSIAET UCNOMb30BaTb NaHenb Ana audde-
peHurauumn o6pasLoB Boska 06bIKHOBEHHOTO 1 Cob6aKM foMallHel. BnepBbie B cyaebHOM 3KCnepTr3e 06EKTOB XKMBOT-
Horo npoucxoxaeHusa B Pecnybnuke benapycb paccumtaHbl KoaddurumeHTbl nogpasgeneHHocTy nonynaumm (6-value)
ans kaxxporo 13 15 STR-nokycoB pa3paboTaHHON TecT-cucTembl. [ToKa3aHo, YTO 3HaUYEeHMA YacTOT FrEHOTUMOB, YCPEAHEH-
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YHuBepcanbHaa STR-naHenb anAa aHanmsa nonumopdursma
N KPUMUHAIMCTUYECKOW neHTUGrKaLmm cobakmn 1 BosiKa

Hble MO BCEM MCCNIEA0BaHHbIM XMBOTHbIM 6e3 yyeTa 1 ¢ yueTom B-value, pasnuuatotca Ha Tpu nopsagka (3.39-10-17 n
4.71-10-'4 cooTBETCTBEHHO). [IpUMeHeHne KO3dPULMEHTOB NOAPa3AEeNeHHOCT NONyNALUM NO3BONUT ONeprUpoBaTh
Hanbonee AOCTOBEPHbIMU pe3yfbTaTaMi SKCMEPTHOTO UAEHTUOUMKALMOHHOIO UccnefoBaHua. MpeanoxeHHas TecT-
cucTema BanuaMpoBaHa B COOTBETCTBUM ¢ npoTokonom Scientific Working Group on DNA Analysis Methods. CozpaH nH-
bOpPMaLMOHHO-CTaTUCTNYECKINIA KOMIMEKC ANA aBTOMaTM3aumMmn obcyeTa reHeTUYeCcKrX AaHHbIX BOJIKa 0ObIKHOBEHHOTO
1 cobakn fomallHen B cyfaebHON SKCnepTr3e, yTBEPKAEHbI ABE METOAVKMN ANIA MPaKTUKYOLWMX CyaebHbIX SKCNepToB.
MeToanueckre pa3paboTKm yCrnewHo NPUMEHAIOTCA B SKCMEPTHOW NPaKTuKe Npu pacciefoBaHnmn GakToB He3aKOHHOM
OXOTbl, KECTOKOTO 06PALLEHUNS C )KUBOTHBIMU 1 SPYrX NPaBOHapyLueHui B Pecny6nuke benapyco.

KnioueBble cfioBa: MUKpoOCATeNnUTbl; nonumopdusm; anddepeHumauma; naeHtudrkauma; cobaka [OMalUHAS; BONK
06bIKHOBEHHDIN; CyfebHan 3KcnepT3a 06beKTOB XKUBOTHOIO MPOUCXOXKAEHUA.

Introduction

According to the statistics of the Ministry of Forestry, in the
Republic of Belarus, the Grey wolf (Canis lupus lupus) popu-
lation has stabilized over the past five years in the range of
1,530-1,630 individuals, which is one of the leading indica-
tors among European countries (Ministry of Forestry of the
Republic of Belarus, 2021). Notably, wolf hunting in Belarus
is allowed all year long with no sex or age restrictions. At the
same time, hunting in protected natural areas and hunting
without a permit results in criminal cases and, consequently,
the need for forensic examination.

According to the Ministry of Housing and Communal Ser-
vices, about 80,000 stray cats and dogs are exterminated in
Belarus every year, and this number is growing, while the
exact number of dogs is unknown. Being one of the most
common companion animals, the domestic dog (Canis lupus
familiaris) has a special status among farm and domestic
animals. The active use of dogs by humans in various roles
is also reflected in the criminal aspects that accompany the
development of society.

The natural history of European wolf (C. lupus lupus) po-
pulations has been characterized by a strong reduction in the
number of individuals over the past few hundred years (Boi-
tani, 2003). The decline of the population, its fragmentation,
and disruption of the gene flow are well-known triggers of
genetic impoverishment and increased inbreeding in natural
populations, which increase the risk of extinction for wolves
as well as for many other species. An example of such a situa-
tion was documented for wolves in Italy, where the values of
genetic diversity determined by the level of heterozygosity
were clearly lower than those in populations from Russia,
Alaska, and Canada (Godinho et al., 2011).

Intensive extermination of the wolf can lead to the replace-
ment of the wolf with wolf-dog hybrids. Recently, the prob-
lem of hybridization between wolves and free-living dogs in
Europe has become a major topic in many research programs
(Stronen et al., 2022).

The main difficulty in the genetic differentiation between the
wolf and the dog is that DNA markers unique to both the wolf
and the dog have not been found. A comparison of dog and
wolf genomes showed a similarity of 99 %, which once again
confirms their common origin (Freedman, Wayne, 2017).

The study of wolf populations is usually designed according
to a typical approach that includes the use of loci recommended
by the International Society of Animal Genetics (ISAG) with
calculation of statistical indexes of distribution of alleles of
the studied loci and assessment of the representation of alleles
in the population. Due to the high level of identity of wolf and
dog genomes, the ranges of alleles of the loci are very similar.

Therefore, differentiation of individuals using selected loci
becomes possible if genetic differentiation of the studied
samples is revealed by statistical processing of genotyping
results (Halverson, Basten, 2005; Fan et al., 2016).

Most panels for canine DNA analysis are unsuitable for the
study of wolf DNA due to deviation from the Hardy—Weinberg
equilibrium and the presence of null alleles in DNA markers.
On the other hand, when selecting markers for DNA analysis
of the wolf, researchers generally do not take into account
the possibility of using the selected markers on an inbred
dog population, which precludes the use of these markers to
identify a wolf and a dog simultaneously in forensic studies.

The aim of this study was to select STR markers that equally
effectively reflect the population structure and the polymor-
phism of the Grey wolf and the domestic dog, followed by
the creation of a universal panel for the identification and
differentiation of individuals in forensic science.

Materials and methods

Biological objects. Biological samples of the Grey wolf and
the domestic dog were obtained legally and are represented by
fragments of muscle and cartilage tissues of wolves (n = 103)
and samples of blood, hair and saliva of purebred dogs, mes-
tizo dogs and outbred dogs (n = 198). The list of the most
represented breeds is reflected in Supplementary Material 1'.

DNA extraction, amplification and genotyping of micro-
satellite loci. DNA from muscle and cartilage tissues, blood,
saliva and hair of wolves and dogs was extracted according
to a method based on the release of DNA during the incu-
bation of biological material in a lysis buffer with proteina-
se K and 0.01 mM dithiothreitol at 37-56 °C. The lysate was
subjected to the purification procedure on silica (Boom et
al., 1990).

All selected loci were grouped into two test systems: a test
system that includes mainly dinucleotide loci recommended by
ISAG: AHTk211, FH2054, CXX279, Ren169018, INUO0S5S,
AHTh260, INU030, FH2079, FH2848, AHT121, AHTh171,
Ren247M23, AHTh130, INRA21, AHTk253, AHT137,
Ren54P11,INU005, Ren105L03, Ren64E19, Ren162C04 and
Amelogenin sex locus (Radco, Podbielska, 2021); and a test
system that includes mainly tetranucleotide loci — FH2096,
CPH12, CPH4, FH2004 (Caniglia et al., 2010), FH2016 (Fan
etal.,2016), FH2361, PEZ17, FH2328 (van Asch et al., 2010),
PEZ16, vWE.x (DeNise et al., 2004), FH2010 (Eichmann et
at.,2004), FH2001 (Verardi et al., 2006), VGL3438 (Magory
Cohen et al., 2013) and sex loci — DBX and DBY (Seddon,
2005).

' Supplementary Materials 1-6 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Hrebian_Engl_28_1.pdf
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Accordingly, the 10 pl PCR reaction volume contained
10 mM tris-HCI, pH 8.6; 25 mM KCI; 2.0 mM MgCl,; 0.2 mM
of each dNTP; 0.2-1.0 uM of each of the pair of primers;
0.15 u. DNA polymerase; 1.5 ng/pl BSA; 0.1 % Triton X-100
and 1-20 ng DNA to be analyzed. The polymerase chain reac-
tion was conducted in a thermocycler C1000 (BioRad, USA)
using the following program: (1) an initial denaturation step
at 95 °C for 5 min; (2) 30 cycles of denaturation at 95 °C (for
30 s), annealing at 60 °C (for 40 s) and elongation at 72 °C
(for 1 min); (3) a final elongation at 72 °C for 30 min.

The combination of alleles of each of the samples was
detected by electrophoretic separation of PCR products on
a 3500 Genetic Analyzer (ThermoFisher Scientific, USA).
The size of the detected alleles (in bp) in the studied loci was
determined using the Orange 500 bp internal size standards
(NimaGen®, The Netherlands) and GeneScan-600 LIZ™
SizeStandard v2.0 (ThermoFisher Scientific, USA). Geno-
typing was evaluated with GeneMapper ID-X v1.6 software
package (ThermoFisher Scientific, USA).

Statistical analysis of the data. Since incorrect species
identification distorts calculations based on the analysis of
genetic diversity indexes (Galinskayaa et al., 2019), a cluster
analysis of genotyping data for wolves and dogs was first
carried out for the studied loci. The population structure was
determined using the Monte Carlo algorithm according to the
Markov chain method using STRUCTURE v.2.3.4 software
and Admixture model (Pritchard et al., 2000) with further
determination of the true number of clusters by the method
of Evanno et al. (Evanno et al., 2005). The burn-in period in-
cluded 500,000 iterations, followed by the construction of the
Markov chain for 1,000,000 iterations for the expected number
of groups in the sample, K, from 1 to 10, with six repeats for
each value of K. The analysis of clustering in the combined
pool of wolves and dogs was performed using the unweighted
pair group method with arithmetic mean (UPGMA) and the
nearest neighbors joining method (NJ), and the construction
of the corresponding dendrograms was carried out using
MEGA v.11.0.10 software. To visualize the genetic structure,
a multidimensional analysis was performed using the genetic
distance matrix following the PCoA method in GenAIEx v.6.5
(Peakall, Smouse, 2006, 2012).

The calculation of frequencies of alleles of STR loci and
values of the observed (H) and expected heterozygosity (Hr),
as well as evaluation of deviation from Hardy—Weinberg
equilibrium was performed using Cervus v.3.0.7 software
package (Kalinowski et al., 2007). To identify possible errors
in the interpretation of genetic profiles, null alleles, and PCR
artifacts, an analysis was carried out using Micro-Checker
v.2.2.1 software (van Oosterhout et al., 2004).

Analysis of molecular dispersion and estimation of in-
breeding coefficients were performed using Arlequin v.3.5.1.3
software (Excoffier et al., 2005). Analysis of assignment of
the individual to the sample pool (Assignment Test) based on
the selected loci was performed using GenAlEx v.6.5. Poly-
morphism information content (PIC) of the selected STR loci
was calculated using Cervus software v.3.0.7.

Alleles sequence determination. To identify possible
microvariants of the sequence, as well as to perform tandem
determination of alleles, which is a common practice in
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forensic science, the primary structure of alleles was deter-
mined by Sanger dideoxy sequencing (Sanger et al., 1977).
Nucleotide sequences of alleles of each STR locus and sex
loci were determined in the forward and reverse directions.
Sequencing was performed on a 3500 Genetic Analyzer and
was conducted with the BigDye® Terminator v.3.1 Cycle Se-
quencing Kit (ThermoFisher Scientific). Comparative analy-
sis of allele sequences of the studied loci was carried out in
BioEdit v.7.0.5.3 (Hall et al., 2011). The sequences of each
locus with the minimum and maximum allele molecular sizes
were deposited in the GenBank database (Benson et al., 2005)
with assignment of corresponding access numbers.

Results and discussion

A posteriori analysis of the STRUCTURE results for the com-
bined pool of the wolf and dog genotypes revealed the maxi-
mum value of the test statistics AK at K = 2, which indicates
the presence of two genetic clusters in the analyzed sample
of animals: the Grey wolf (green cluster) and the domestic
dog (red cluster) (Fig. 1, Supplementary Material 2). When
determining the population structure of samples of wolves
and dogs separately from each other, the cluster formed by the
wolf samples remained homogeneous; the absence of cluster-
ing within the wolf population using STR loci was previously
shown by researchers in Europe (Aspi et al., 2006; Sastre et
al., 2011; Pan et al., 2016).

For a separate analysis of STRUCTURE in the samples of
dogs, four groups were formed: purebred dogs (n = 78) and
three breed groups: Molossians (n = 32), Samoyeds (n = 66)
and Shepherd dogs (n = 22). The maximum value of AK at
K =2 indicated the formation of two clusters (Supplementary
Materials 3 and 4), one of which corresponds to Shepherd
dogs, whereas the breed groups of Samoyeds and Molossians
were not separated and, moreover, did not differ from the
group of outbred dogs.

At the same time, the analysis of clustering in the combined
pool of wolves and dogs by the methods of UPGMA and NJ
with construction of corresponding dendrograms revealed
four clusters of different hierarchical levels in the sample of
dogs. The greatest similarity was observed between the breed
group of Molossians and outbred dogs. They are adjacent to the
breed group of Samoyeds, and this entire group is separated
from the group of Shepherd dogs. Since both dendrograms
showed a similar structure, Supplementary Material 5 shows
only the dendrogram built according to the UPGMA method
(with bootstrapping for 10,000 permutations). It should be
noted that a similar pattern of clustering of dog breeds in the
study of SNP markers was obtained by other authors (Parker
etal., 2017).

Analysis of the population structure of wolves and dogs
showed a strong genetic differentiation between them with
the average values of the cluster membership coefficient O
of 0.984 and 0.981, respectively. The data obtained on dif-
ferentiation of the wolf and the dog by 34 STRs are in good
agreement with the data of Korablev et al. (2021). The level
of differentiation between dog breeds was much lower than
between the wolf and the dog. O values varied from 0.457 to
0.495 for Molossians, from 0.451 to 0.476 for Samoyeds, and
from 0.740 to 0.757 for Shepherd dogs.
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Fig. 1. Results of cluster analysis of wolf and dog samples, performed in STRUCTURE software, for the most prob-
able value of the number of genetic clusters K = 2-5, sorted by samples.
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The results of the cluster analysis are consistent with the  ferences or may be a consequence of the high heterogeneity
multivariate genetic distance matrix analysis (PCoA method),  of the samples of Molossians and Samoyeds, which have
which also shows a strong differentiation between the wolfand ~ a common historic origin (over 20 different breeds), while the
dog samples (Fig. 2). Similarly, Shepherd dogs form a separate ~ sample of Shepherd dogs included only purebred German She-
group. The latter outcome may be explained by selection dif-  pherds.
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Table 1. Average values of the level of polymorphism of the studied loci

in samples of wolves and three historical breed groups of dogs

Samples N,

WOIveS ................................................................................. 9265i0476
Molossians, their mestizos and outbred dogs 9.706+0.575
‘Samoyeds,their mestizos and outbred dogs 92350560
‘Shepherdsand theirmestizos 58240328

Ne Ho He
........... L D
........... e
........... L
........... O

Note. N, - number of alleles per locus; N,, - effective number of alleles per locus; Hy — observed heterozygosity; Hg — expected heterozygosity.

In total, 405 alleles were identified in the sample of wolves
and domestic dogs using the two test systems. All the loci
were polymorphic and had from 5 (FH2096) to 26 (FH2361)
alleles per locus. The average number of alleles per locus in
all samples was similar, amounting to 9.402+0.617 (Table 1).
The Shepherd dog was an exception, with the mean value per
locus in the range of 5.824+0.328, which could be a conse-
quence of the small sample size (n = 22).

The highest observed and expected heterozygosity rates
were obtained for the wolf sample, at 0.730 and 0.786, re-
spectively (see Table 1). In dog samples, lower values of ex-
pected heterozygosity compared to observed heterozygosity
are a potent indicator of the presence of inbreeding resulting
in synthetic selection and genetic drift, which can irreversibly
remove alleles from the population, leading to significantly
reduced diversity (Galinskayaa et al., 2019). Although muta-
tions counteract the genetic drift, it is difficult to achieve a
balance of genetic processes in dog breeding due to exclusion
of individuals with identified mutations in a particular trait.
The highest values of heterozygosity and the highest effec-
tive number of alleles were found in the wolf sample, which
indicates natural development and presence of mutation-drift
balance in the natural population.

The analysis of the profiles of dinucleotide loci requires spe-
cial attention since fragments that do not belong to true alleles
and are stutter products can be present on electrophoregrams.
The percentage of stutter products usually increases with the
length of the allele. Based on the analysis of the genotypes
using Micro-Checker software, three of the 20 dinucleotide
markers (INUO055, Ren169018, and Ren64E19) showed a high
probability of genotyping errors and were excluded from fur-
ther analysis.

The analysis of the distribution of alleles for two loci
(AHT121 and AHTk211) showed the presence of a large
number of null alleles in three samples, including the sample
of the wolf. AHT137 and INRA21 loci showed a high null
alleles content in two samples of dogs, 8 loci (AHTh130,
AHTh260, CXX279, FH2848, Ren105L03, Ren162C04,
Ren247M23, and Ren54P11) showed a rather high null al-
leles content (from 5.7 % in the sample of Molossians at the
FH2848 locus to 12.6 % at the CXX279 locus in the sample
of Shepherd dogs). These loci were also excluded from further
work on the design of a universal forensic panel.

When analyzing the pattern of frequency distribution of
alleles in specific loci, special attention was paid to loci with
a significant predominance of major alleles. Differences in
the frequencies of major alleles can be very instrumental for
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differentiating wolves and dogs by microsatellite analysis;
however, a significant predominance of one allele can affect
the level of identification confidence. Due to the pronounced
dominance of major alleles, INU030, INU005, AHTk171 and
AHTK253 loci were excluded from further analysis.

Most of the studied loci in the samples of wolves and dogs
conformed to the Hardy—Weinberg distribution (p > 0.05),
including AHTh171, AHTk253, CPH12, CPH4, FH2001,
FH2004, FH2010, FH2016, FH2096, FH2328, FH2361,
INU005, INU030, INU055, PEZ16, PEZ17, Ren169018,
Ren64E19, VGL3438 and vWF.x. Two loci, FH2054 and
FH2079, deviated from the equilibrium (p = 0.005) in all
studied samples; however, when using the Bonferroni correc-
tion, p-values ceased to be statistically significant. In 12 loci,
a statistically significant deviation from the Hardy—Weinberg
equilibrium was revealed in at least one sample, which may
reflect the manifestation of loci in the studied samples and
can be explained by the presence of null alleles.

The allele fixation index (Fgy) ranged from 0.025 (FH2001)
to 0.158 (CPH4), with an average value of 0.077 for all loci.
The highest Fi5 values were obtained for the FH2079, FH2096,
and CPH12 loci (0.221, 0.174, and 0.162, respectively). Over-
all, for a panel of 15 selected loci, inbreeding indexes (<15 and
Fi1) were 0.103 and 0.172, respectively (Table 2).

Figvalues in the sample of wolves in most of the studied loci
showed values approaching zero, which, together with high
heterozygosity values, can indicate the presence of panmixia
in the population (Galinskayaa et al., 2019).

A correct assignment of a sample to a Grey wolf or a domes-
tic dog can be of crucial importance in a forensic investigation.
Analysis of molecular variance (AMOVA) was performed to
assess the possibility of differentiation between a wolf and a
dog using selected microsatellite loci. The AMOVA results
showed that the percentage of variation between wolf and dog
samples was 8.28 %, while within samples it was 91.72 %.
Variance components in the population were significant for all
studied loci (Supplementary Material 6), which indicates dif-
ferentiation of the wolf and dog samples. The vWF.x, FH2096,
and CPH4 loci accounted for 21.11, 19.34, and 14.40 % of
inter-sample genetic variability, respectively, while FH2079
and FH2016 showed the lowest inter-population variability
(2.45 and 2.20 %, respectively).

According to Wright’s interpretation (Wright, 1978), the
range of Fgt values from 0.15 to 0.25 indicates moderate dif-
ferentiation. At the same time, values in the range of 0.00—
0.05 indicate a weak but noteworthy difference between the
samples. Since hypervariable markers with a large number of

BaBunosckuii XKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2024 - 28 « 1



A.E. TpebeHuyk
N.C. LibiboBCKnin

2024
281

YHuBepcanbHaa STR-naHenb anAa aHanmsa nonumopdursma
N KPUMUHAIMCTUYECKOW neHTUGrKaLmm cobakmn 1 BosiKa

Table 2. Mean values of heterozygosity for the wolf and dog and Wright F-statistic values for the total sample of Canis lupus

Loci Ho He Ho
DomeStICdog ................................... Grey WO”: ..........
FH2016 ..................... 0783 .................... 0894 .................... 0832 .................

FH2079 ..................... 0555 .................... 0664 .................... 0612 .................

VGL3438 ................... 0751 ..................... 0858 .................... 0709 .................

FH2361 ...................... 0793 .................... 0852 .................... 0861 ..................

FH2054 ..................... 0792 .................... 0822 .................... 0760 .................

FH2001 ...................... 0737 .................... 0804 .................... 0612 .................

FHZ 328 ..................... 0763 .................... 0865 .................... 0718 .................

FH2004 ..................... 0767 .................... 0803 .................... 0784 .................

CPH12 ....................... 0571 ..................... 0707 .................... 0553 .................

FH2010 ..................... 0641 ..................... 0713 .................... 0767 .................

PEZW ........................ 0675 .................... 0797 .................... 0777 .................

PEz16 ........................ 06” ..................... 0793 .................... 0786 .................

CPH4 ......................... 0595 .................... 06” ..................... 0767 .................

FHZO% ..................... 0414 .................... 0524 .................... 0485 .................

VWFX ........................ 0545 .................... 06 13 .................... 0786 .................

Average .................... 0666 .................... 0755 .................... 0721 ..................

T Fis Fa i

e S S S
s S S S
R S S S
s S S S
s S S S
T S S S
B S S S
o S S R
s s S S
o S S T
s S S S
o S S S
e S S T
P S S T
e S S T
s s S S

Note. Hy — observed heterozygosity; Hg — expected heterozygosity; Fis — inbreeding index of individuals within the sample; Fs - allele fixation index;

Fir - inbreeding index of individuals in the total sample.

alleles can have significantly lower Fgr values than markers
with a small number of alleles, it is more important to detect
significant genetic differentiation between wolves and dogs in
the totality of the selected STR loci (Hedrick, 2000). Between-
sample AMOVA analysis revealed significant differentiation
between the wolf and the dog (Fst = 0.0828, p <0.05).

The significance of the differentiation of the wolf and the
dog using the selected loci can be illustrated by the analysis
of assignment of a definite sample (Assignment test). The
analysis is based on the calculation of the probability value
of the presence of the genotype of a certain individual in
the sample from which it was selected, and its comparison
with the probability value of the same genotype in another
sample. Based on these calculations, an individual belongs to
the sample for which it has the highest probability (Fig. 3).

The calculation of true genetic affiliation to the sample
showed a high consolidation of wolves and dogs, with 100 %
of all studied animals genetically assigned to their own cluster.
At the same time, we observed a large difference in the moduli
of natural logarithms of expected frequencies of the genotypes
when they belonged to their own versus an alternative sample;
for wolves, the difference was on average 8.722, and for the
domestic dog, it was 8.584. The high values of the difference
between the moduli of the logarithms of the expected genotype
frequencies confirm successful differentiation of the Grey wolf
and the domestic dog using the proposed loci.

An important criterion in forensics is adequate interpretation
of the value of the reliability level of an identification study. To

calculate the probability of accidental matching of genotypes,
an appropriate reference database and correct application of a
conservative calculation procedure are required (Buckletone et
al., 2016). The study of genotype pools of samples of wolves
and dogs made it possible to calculate the frequencies of oc-
currence of alleles and corrections for the genetic subdivision
of the populations of wolves and dogs living in Belarus.

A complex social organization of the wolf pack, along with
targeted dog breeding, lead to formation of structured popula-
tions of these animals. Therefore, in order to obtain the most
reliable conclusions, using frequency characteristics of the loci
of specific subpopulations would be the preferred approach in
an identification study, but this is hardly possible in practice in
forensic examination of objects of animal origin. An alterna-
tive solution is to introduce a subdivision coefficient (0-value)
into the calculation of the frequency of the genotype, which
takes into account the presence of structured populations (The
Evaluation..., 1996; Buckleton et al., 2006).

As can be seen from Table 3, the values of genotype fre-
quencies averaged over all studied animals and calculated
with the inclusion of subsequent studied loci of the test sys-
tem without and with taking into account the 6-value differ
by three orders of magnitude (3.39- 1077 and 4.71-10714,
respectively). This suggests that not factoring in the 8-value
in the identification study will lead to overestimation (un-
derestimation) of the genotype frequency, which in forensic
examination will lead to an unintended overestimation of the
reliability level of the study.
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Fig. 3. Graph of the genetic assignment of the genotype to the study sample (graphical interpretation of the Assignment test).

Table 3. Genotype frequencies averaged over all animals, without and with using the 6-value

Loci 0-value Genotype frequency excluding 6-value Genotype frequencies with 6-value
and with the inclusion of the subsequent locus  and with the inclusion of the subsequent locus**

FH2016 ................... 0039 ........................ 20810_2 ..................................................................... 36210_2 ........................................................................
FH2079 ................... 0145 ........................ 331103* ................................................................... 958103** ....................................................................
VGL3438 ................. 002015510_4 ..................................................................... 54410_4 ........................................................................
FH2361 .................... 0035 ........................ 7191076 ..................................................................... 3391075 ........................................................................
FH2054 ................... 0081 ........................ 42610_7 ..................................................................... 36110_6 ........................................................................
FH2001 .................... 0031 ........................ 32310_8 ..................................................................... 33810_7 ........................................................................
FH2328 ................... 00651811079 ..................................................................... 3041078 ........................................................................
FH2004 ................... 0090 ........................ 8971041 .................................................................... 2961079 ........................................................................
Cp|.|12 ..................... 010212610_” .................................................................... 62710_10 ......................................................................
FHzom ................... 007014610_12 ................................................................... 93410—11 .......................................................................
PEZ” ...................... 00801051043”61041 .......................................................................
PE216 ...................... 0170 ........................ 60710_1519110_12 ......................................................................
Cp|.|4 ....................... 0173 ........................ 35410—16 ................................................................... 49210_13 ......................................................................
FH2096 ................... 0131 ........................ 225107161761043 ......................................................................
VWFX ...................... 0192 ........................ 3391047 ................................................................... 4701044 ......................................................................

Note.Thelociare listed in the order of increasing Fsr. * Here and below the product of the genotype frequency of the previous and current loci; ** here and below

the product of the genotype frequency of the previous and current loci.

The analysis of PIC measures by Botstein et al. (1980)
revealed that all selected loci in the total sample of dogs are
highly informative for the study of the DNA of both the do-
mestic dog and the Grey wolf (Table 4).

In the combined sample of dogs, the minimum PIC value
(0.472) was found at locus FH2096. The maximum PIC values
were observed at FH2016 for the wolf (0.882) and at FH2016
for the dog (0.885). The average PIC values were 0.720 for
the dog and 0.742 for the wolf, which can be considered sig-
nificant for interpretation of results in a forensic genetic inves-
tigation.
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While the allele sequences of the wolf and dog were identi-
cal, allele sequencing revealed the presence of simple repeats.
Incomplete tandem repeats were identified in the alleles of
the FH2016, FH2361, and FH2328 loci. Specifically, for the
FH2016 and FH2328 loci, incomplete tandems were detected
both in the sample of wolves and in the sample of dogs. For
the FH2361 locus, microvariants were identified only in the
sample of dogs.

Sequencing of the alleles of the FH2001 locus produced
an unexpected result (Fig. 4). A 6 bp insertion located in the
non-tandem region of the locus was found in the combined
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Table 4. Values of the polymorphism information content
of the selected loci for the samples
of the Grey wolf and the domestic dog

Loci PIC

Domesticdog Greywolt
FHZO% ..................... 0472 ............................... 0552 .................................
VWFX ........................ 0541 ............................... 0813 .................................
CPH4 ......................... 0566 ............................... 0817 .................................
FH2079 ..................... 0620 ............................... 0579 .................................
CPH12 ....................... 0651 ............................... 0580 .................................
FHzom ..................... 0657 ............................... 0747 .................................
PEZW ........................ 0766 ............................... 0746 .................................
PE216 ........................ 0769 ............................... 0827 .................................
FHzom ...................... 0774 ............................... 0701 ..................................
FH2004 ..................... 0778 ............................... 0876 .................................
FH20 54 ..................... 0801 ............................... 0759 .................................
FH2361 ...................... 0830 ............................... 0788 .................................
. VGL3438 ................... 0845 ............................... 0755 .................................
. FH2 328 ..................... 0848 ............................... 071 3 .................................
FH2016 ..................... 0885 ............................... 0882 .................................
Average .................... 0720 ............................... 0742 .................................

Note. PIC - polymorphism information content of a locus.

sample of wolves and dogs. This insertion was observed only
in long alleles (with 10 or more tandem repeats), and there
were no alleles with 11 or more repeats that did not contain
insertions. The FH2001 locus was not excluded from the final
forensic panel, and special names were assigned to alleles with
insertion (“10in”—*“14in” alleles).

Based on the results, we created the CPlex test system,
which contains 15 STR loci and two sex loci. We obtained the
nucleotide sequences of all the identified alleles; these alleles
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were identified in the tandem format for compatibility of the
panel with the instrumentation. The sequences were deposited
in the GenBank database (Table 5).

The developed test system was validated in accordance
with the protocol of the Scientific Working Group on DNA
Analysis Methods (R.V. Guideline, 2004), and it was tested
on benchmark samples and on real forensic objects. These
methodological developments are being successfully used in
expert practice when investigating the facts of illegal hunt-
ing, cruelty to animals and other offenses in the Republic of
Belarus.

Conclusion

In this study, we selected 15 microsatellite loci and two
sex loci that are suitable for forensic DNA examination of
both the Grey wolf and the domestic dog. Furthermore, we
designed a universal CPlex test system for the identification
of individuals of the C. /upus species. Finally, we carried out
an analysis of polymorphism and forensic parameters of loci
and studied the genetic structure of the Belarusian populations
of the C. lupus species. According to the results of statistical
analysis of the dog and wolf genotype pools, the selected loci
conform to the Hardy—Weinberg equilibrium. The coefficients
of subdivision of the population for each STR locus of the test
system were calculated, and the effectiveness of their use was
proven. The developed CPlex test system was validated in ac-
cordance with the international standard and used in forensic
research of cases of illegal hunting, animal attacks of people
and livestock, as well as cases of cruelty to animals.

Based on the developed test system, we created two guides
for practicing forensic experts, “The method of DNA-based
identification of biological samples of the Grey wolf (Canis
lupus lupus) and domestic dog (Canis lupus familiaris)” and
“The method of using the computational tool for the analysis
of genetic data of animals of the biological species Canis
lupus — the Grey wolf (Canis lupus lupus) and the domestic
dog (Canis lupus familiaris)”. The computational tool con-
tains arrays of genotypes and a mathematical apparatus that
allows one to automate the analysis of data when identifying
species of the Grey wolf or the domestic dog, calculating the
reliability of an expert conclusion in an identification study
or establishing biological relationship; it also allows conduct-
ing DNA fingerprinting registration of biological samples of

80 90 100 110
identity --------lﬁﬁ—_._.____ia-
Clf.7allele  CTTT TATC TATC TATC TATC TATC TATC TATC T--- ---- ---- -=-= ----

Cll.7allele  CTTT TATC TATC TATC TATC TATC TATC TATC T- -- === mmms mems ==
Clf.8allele CTTT TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ---- ----
Cll.8allele  CTTT TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- -=--=- =----
Clf.9allele  CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ----
Cll.9allele  CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- =---- =----
Clf.10allele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ----
ClL10allele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ---- ---- ---- ---A TTGT
Clf.10inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ==== ===-= -CAA TCTA TTGT
ClLL10inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ---- ---- -ICAA TCTA TTGT
Clf.1linallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ---- -ICAA TCTA TTGT
ClLL1Tinallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- ---- -ICAA TCTA TTGT
Clf.12inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- -ICAA TCTWA TTGT
Cll.12inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- ---- -[CAA TCTA TTGT
Clf.13inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- -ICAA TCTA TTGT
Cll.13inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC T--- -ICAA TCTA TTGT
Clf.14inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TICAA TCT TTGT
ClLL14inallele CTTT TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TATC TCAA TCTA TTGT

Fig. 4. Part of the sequence of the FH2001 locus in DNA of the dog and the wolf.
C.Lf. - domestic dog, C.LI. - grey wolf. Red rectangle - 6 bp insertion in the non-tandem region of the locus.
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Table 5. Characterization of microsatellite loci of the CPlex test system

Loci Revealed range Tandem type and range
in bp
DBX ........................... 246 .................................... R
DBY”7 .................................... —
FH2 0 96 ....................... 88 . 108 ........................... (AATG) 510 ..........................
VWFx133_199 ........................... (AGGAAT)HG ....................
CPH4138_152 ........................... (CA)M_ZZ .............................
FH2079 ..................... 260_292 ........................... (TGGA)&M .........................
CPH12180_200 ........................... (AC)HQ ..............................
FH2010 ..................... 215_239 ........................... (GAAT)713 .........................
pEz17190_222 ........................... (TTTC)”_W ........................
PE216 ........................ 269_337 ........................... (GAAA)S_ZZ .........................
FH2 0 04 ..................... 229 . 337 ........................... (TTCT)”% ........................
FH2054140_180 ........................... (ATCT)B_B .........................
VGL3438101_145 ........................... (AAAGMHO .......................
FH2001124_158 ........................... (ATCT)HO ..........................
(ATCT)0 1 CAACTC
FH2361 ...................... 329_425 ........................... (TCTT)”_35 ........................
(TCTT)”_mTC ....................
FH2328181_219 ........................... (AAAG)7_16 .........................
(ARAG)AARAAG),
FH2 0 16 ..................... 276_ 340 ........................... (CTTT)WN .........................

(CTTT)19_,,CT

animals of C. [upus species in a forensic examination. The
developed methods are included in the Register of forensic
methods and other methodological materials of the State Fo-
rensic Examination Committee of the Republic of Belarus,
which constitutes the implementation of the development in
the national legal system.
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Abstract. Throughout history, humans have been attempting to develop the ornamental features of domestic animals
in addition to their productive qualities. Many chicken breeds have developed tufts of elongated feathers that jut out
from the sides and bottom of the beak, leading to the phenotype known as muffs and beard. It is an incomplete auto-
somal dominant phenotype determined by the Mb locus localised on chromosome GGA27. This project aimed to ana-
lyse the genetic diversity of chicken breeds using full genomic genotyping with the Chicken 60K BeadChip. A total of
53,313 Single Nucleotide Polymorphisms were analysed. DNA was obtained from breeds with the muffs and beard as a
marker phenotype: Faverolles (n = 20), Ukrainian Muffed (n = 18), Orloff (n = 20), Novopavlov White (n = 20), and Novo-
pavlov Coloured (n = 15). The Russian White (n = 20) was selected as an alternative breed without the muffs and beard
phenotype. The chickens are owned by the Centre of Collective Use “Genetic Collection of Rare and Endangered Breeds
of Chickens” (St. Petersburg region, Pushkin), and are also included in the Core Shared Research Facility (CSRF) and/or
Large-Scale Research Facility (LSRF). Multidimensional scaling revealed that the Novopavlov White and the Novopavlov
Coloured populations formed a separate group. The Ukrainian Muffed and the Orloff have also been combined into a
separate group. Based on cluster analysis, with the cross-validation error and the most probable number of clusters K=4
taken into account, the Orloff was singled out as a separate group. The Ukrainian Muffed exhibited a notable similarity
with the Orloff under the same conditions. At K = 5, the populations of the Novopavlov White and the Novopavlov Co-
loured diverged. Only at K = 6, a distinct and separate cluster was formed by the Ukrainian Muffed. The Russian White had
the greatest number of short (1-2 Mb) homozygous regions. If the HOXB8 gene is located between 3.402 and 3.404 Mb
on chromosome GGA27, homozygous regions are rarely found in the chickens with the muffs and beard phenotype.
Scanning the chicken genome with the Chicken 60K BeadChip provided enough information about the genetic diversity
of the chicken breeds for the peculiarities of the development of the ornamental muffs and beard phenotypes in them
to be understood. For example, Phoenix bantams, whose tail feathers grow throughout their lives, require greater con-
sideration of husbandry conditions.

Key words: whole-genome genotyping; SNP marker; phenotype; genotype; genetic diversity; polymorphism; hetero-
zygosity; DNA; chicken breeds.
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CpaBHUTeJIbHbIe OCOOEHHOCTV '€ HOMHOTI'O pa3HO00Opa3us
Kyp Gallus gallus domesticus ¢ peKOpaTUBHBIM
(peHOTUIIOM OIepeHus «0aku u 6opoga»

H.B. AementpeBa, 10.C. Illep6axos, A.E. Pss6oBa, A.b. Baxpamees, A.B. MaxapoBa, O.A. HukoaaeBa, A.IT. ApicuH,
A .. AsoBuesa, H.P. Peitn6ax, O.B. Mutpodanosa @

Bcepoccniicknii HayyHo-uccneoBaTeNbCKUA MHCTUTYT FEHETUKN 1 Pa3BeAeHNA CeNTbCKOX03ANCTBEHHbIX XKUBOTHbIX —
dunuan OepepanbHOro NCcCnefoBaTeNlbCKOro LIeHTpa XUBOTHOBOACTBa — BVXK nm. akagemuka J1.K. 3pHcTa, noc. Tapneso, CaHkT-MeTepbypr, Poccusa
® mo1969@mail.ru

AHHOTaUuA. Ha NpOTSKEeHNN UCTOPUN B3aUMOAENCTBNA C AOMALUHUMMU XUBOTHBIMU YEIOBEK CTPEMUSICA YCUNUTD He
TONbKO UX MPOAYKTUBHbIE KauecTBa, HO 1 PasnuyHble AeKOPaTBHbIE 0COGEHHOCTU. Y Kyp paga nopos chopmMmnpoBa-
NINCb NYYKM YATMHEHHDIX MEPbEB, BbICTYMNAKOLMX COOKY 1 CHU3Y OT KitoBa, 06pasys GpeHOTUM, ONMCbIBAEMbIN Kak «6GaKu
n 6opopa» (aHrn. muffs and beard). 3To HeNoNHbIN ayTOCOMHO-AOMUHAHTHBIN GEHOTUM, KOAMpPYEMbIA Iokycom Mb, no-
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CpaBHUTeNbHble 0CO6EHHOCTVI FEHOMHOTO pa3Hoobpasus
Kyp ¢ deHoTNOM onepeHus «6aku 1 bopoaa»

Kanv3oBaHHbIM Ha xpomocome GGA27. Llenb Halelh paboTbl — NpoaHanv3npoBaTb reHeTnyYeckoe pasHoobpasre Nopos
Kyp, onpegeneHHoe C MOMOLLbIO MOJIHOFEHOMHOIO reHOTUMUPOBaHMA ¢ ucnonb3osaHnem yunos Chicken 60K BeadChip.
Bcero B aHanu3e yunTbiBanocb 53 313 ogHOHYKNeoTMAHbIX NonnMopdHbIx 3ameH (SNP). IHK nonyueHa ot nopog, obna-
[aloLLMX MapKepPHbIM NpU3HakoM «6aku 1 6opoga»: paBeposb (n = 20), ykpauHckas ylwaHka (n = 18), opnosckas (n = 20),
HoBoOMaBfoBcKas 6enas (n = 20) n HoBoNaBNoOBCKasA LBeTHas (N = 15). B kauecTBe anbTepHATUBHOM NOPOAbI, HE UMEIoLLEeN
¢deHoTMNa «6akm 1 6opodar, ncnonb3oBanacb pycckas 6enas (n = 20). MNtuua copepxanacb B LIKM «feHeTnyeckas kon-
neKuma peaKknx 1 ncuesatowmx nopop Kyp» (r. CaHkT-lNetepbypr, MywkuH), Bxoaslem B coctaB CeTeBol 6ruopecypcHonm
KONIEKLMU XKMBOTHBIX 1 NTUL,. METOLOM MHOTOMEPHOTO LUKAJIMPOBaHWSA YCTaHOB/IEHO, YTO OTAENbHYIO FPYNNMPOBKY 06-
pasoBanu NonynAuMM HOBOMaBoOBCKas 6enaa 1 HOBOMABNOBCKasA LiBETHas. B camocToaTenbHyio rpynny 06befnHUANCL
nopopabl YKpanHcKkas ylaHka 1 opnioBckas. C MOMOLLbIO KNacTepHOro aHanm3a C y4eToM oWnbKM Kpocc-sanugauny n
Hanbonee BepoATHbIM UncioM KnactepoB K = 4 opnoBckad Nopopa BbigeneHa B OTAENbHY0 Fpynmny. YKpanHCcKan ylwaHKa
B 3TOM C/ly4Yae NpoAeMOHCTPMPOBaa 3HaunTeNbHOE CXOACTBO C OPSIOBCKON nopogoit. Mpu K = 5 pasgenunmcb HOBO-
naBJfioBCKan 6enas 1 HOBOMaBMIOBCKaA LiBeTHaA nonynauun. M Tonbko npu K = 6 ABHbIN OTAENbHbIN KnacTep obpa3oBana
YKpanHCKasn ylaHKa. Y Kyp pycckori 6enoi nopofibl oTMEYeHO Hanborbluee KOMYecTBo KOPOTKUX (1-2 M6) romo3urot-
HbIX palioHOB. B MecTe pacrnionoxeHus reHa HOXB8 B pervioHe 3.402-3.404 M6 Ha xpomocome GGA27 y npeactasutenein
nopog ¢ dbeHotnnom «bakm 1 6opofa» roMO3UrOTHblE palioHbl BCTpevaTca peako. CKaHMpoBaHMe reHoMa Kyp C UC-
nonb3oBaHunem umna Chicken 60K BeadChip nossonsaeT nonyunTtb AOCTaTOYHO MHOOPMALMM O FeHETUYECKOM PasHO-
06pasun Nopoa Kyp ANA NOHUMaHNA 0CO6eHHOCTen GOPMUPOBAHNA Y HUX AeKopaTBHOTO deHoTuna «6aku n 6opopaa».
KnioueBble cnoBa: NosHOreHOMHoe reHoTunupoBaHue; SNP-mapkep; GeHoTVM; reHoTUN; reHeTUuYecKoe pasHoobpasue;
nonumopduram; rereposmrotHocTb; IHK; nopogbl Kyp.
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Introduction

The domestic chicken (Gallus gallus domesticus) is one of
the most widespread domesticated animals in the world. This
species assumes a prominent role in human society, providing
the largest source of animal protein, as well as being an im-
portant factor in sociocultural development (Lawal, Hanotte,
2021). Since becoming domesticated, chickens have spread to
different countries and continents, resulting in the numerous
breeds we know today.

Genetic variability is a key part of the study of evolution,
development and differentiation of living organisms. In do-
mestic animals, breeds are organised into a specific system
that evolves in accordance with the tasks defined by humans.
As a result, there are remarkable phenotypes that distinguish
domesticated animals from their wild ancestors.

Throughout history, humans have sought to improve not
only the production of animals, but their ornamentation as
well. Such features, when severe, can have a negative im-
pact on the lives of individuals who possess them. However,
a significant proportion of the ornamental traits common to
different breeds of chickens have no negative effect on the ani-
mals. Some chicken breeds may exhibit morphological traits
characterized by elongated feathers growing from the sides
and bottom of the beak, creating a distinctive phenotype called
“muffs and beard”. It is an incomplete autosomal dominant
phenotype encoded by the Mb locus.

The feathers surrounding the beard and muffs in chickens
vary considerably in shape and length. Certain breeds have
a voluminous muff from ear to ear (Novopavlov chickens,
Houndan, Crévecoeur, etc.), others have a weak expression of
it. In certain instances, such as in the case of Barbu d’Anvers
chickens, it is mainly the muffs that are developed, and the
throat part of the beard is barely visible.

When studying the genomic characteristics of chickens with
the “muffs and beard” phenotype, it was proposed that the
Mb allele is localised on GGA27, forming a complex struc-
tural variation in the genome that leads to altered expression
of the HOXBS gene (Guo Y. et al., 2016). Other researchers

have also found regions implicated in the development of this
trait by using whole-genome analysis of GGA1, GGA2 and
GGAZ27. The analysis of the HOXBS gene family members
showed that it had different evolutionary dynamics among
animals and that its motifs were conserved among avians,
reptiles, amphibians and mammals, except for fish, whose
HOXBS protein lost motif 10. This suggests a potential role
for HOXBS in the evolution of sophisticated skin structures
such as keratinous appendages. The authors highlight the in-
tricate protein interactions of the HOXB family gene products
in chickens, which are thought to contribute to understanding
of the mechanisms of development and differentiation of the
“muffs and beard” phenotype (Yang et al., 2020).

There is currently limited information concerning the regu-
lation of head feathering in chickens due to the phenotypic
diversity of the muff and beard traits. Of particular significance
is the necessity for employing gene pool breeds as model ob-
jects in the search for new candidate genes, for example ones
associated with hair growth in humans and animals. Selection
without a strict focus on productive traits enables the attain-
ment of a greater genetic diversity in the gene pool of chicken
breeds, unlike that of industrial populations. Therefore, the
study of their genomes can provide new information about
structural changes in genes, the accumulation of homozygous
regions and other genetic features.

Genetic Collection of Rare and Endangered Chicken Breeds,
which is a part of Core Shared Research Facility (CSRF) and/
or Large-Scale Research Facility (LSRF), contains several
breeds with this trait: Faverolles, Ukrainian Muffed, Orloff,
and Novopavlov (Paronyan et al., 2016). Orloff Mille Fleur
is a historic Russian chicken breed with distinct physical
characteristics and a manifest “muffs and beard” trait. The
Ukrainian Muffed belongs to local heritage breeds of the
southern regions of Ukraine and Russia, and has a variety
of plumage colours. Faverolles, a historic French breed, is
renowned for its rich and delectable meat. Additionally, it
possesses voluminous ornamental muffs and beard. The Novo-
pavlov breed is a phenotypically restored ancient ornamental
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Comparative peculiarities of genomic diversity
in chickens with plumage phenotype “muffs and beard”

Fig. 1. Expression of the “muffs and beard” phenotype in chickens of different breeds: a - Orloff; b - Faverolles; ¢ - Novopavlov; d - Ukrainian Muffed.

breed of Pavlovo chickens, distinguished by their muffs and
beard (Fig. 1). Furthermore, the Centre of Collective Use also
includes breeds that do not have the Mb allele in their genome.

The purpose of our study was to examine the genetic varia-
tion of chicken breeds harboring the genetic trait “mufts and
beard” via whole-genome genotyping with the Chicken 60K
BeadChip, in order to obtain new information on structural
changes in the genomes, accumulation of homozygous regions
and other genetic characteristics.

Materials and methods

The material of the study was genomic DNA of chickens
held in the bioresource collection of the Russian Research
Institute of Farm Animal Genetics and Breeding — Branch
of the L.K. Ernst Federal Research Centre for Animal Hus-
bandry “Genetic Collection of Rare and Endangered Breeds
of Chickens” (St. Petersburg-Pushkin), which is part of the
Core Shared Research Facility (CSRF) and/or Large-Scale
Research Facility (LSRF).

For this study, chickens were selected with the marker traits
“muffs and beard”. These were Faverolles (n = 20), Ukrainian
Muffed (n = 18), Orloff (n = 20), along with representatives
from two groups of Novopavlov chickens: Novopavlov White
(n=20) and Novopavlov Coloured (rn = 15). As an alternative
breed without the “muffs and beard” phenotype, the Russian
White breed was chosen (1 = 20).

Chicken blood was collected from the axillary vein into
microtubes containing 30 ul 0.5 M EDTA anticoagulant. Ge-
nomic DNA was extracted by phenol-chloroform extraction.

To assess the purity of isolated DNA, its quality was de-
termined by measuring the absorbance at 260 and 280 nm
(OD»g0/280) using a NanoDrop 2000 instrument (Thermo Fi-
sher Scientific Inc., Waltham, MA, USA) in accordance with
the manufacturer’s instructions. DNA samples with OD»4(25
values between 1.6 and 2.0 were chosen for whole-genome
genotyping.

Whole-genome genotyping was performed with a medium
density Chicken 60K BeadChip (Illumina Inc., USA) DNA
chip containing ~50,000 SNPs. The acquired whole-genome
data facilitated the evaluation of genetic diversity through
DNA sequence polymorphism analysis. A comprehensive
analysis of 53,313 SNPs was conducted.

Quality control and filtering of genotyping data for each
SNP and each sample were carried out using the PLINK 1.9
software package (http://zzz.bwh.harvard.edu/plink). Sample
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genotyping quality was assessed using the following filters: the
proportion of genotyped SNPs out of the total number of SNPs
on the DNA chip for each tested SNP in an individual sample
was greater than 90 %; the genotyping quality for each tested
SNP across all genotyped samples was also greater than 90 %;
the frequency of minor allele occurrence was greater than 1 %;
and the deviation of SNP genotypes from the Hardy—Weinberg
equilibrium probability was less than 10,

To evaluate the genetic diversity, the following indices
were calculated using the R package diveRsity (Keenan et
al., 2013): Hp for observed heterozygosity, Hy for expected
heterozygosity, F for inbreeding coefficient, and F,;, and F .
for minimum and maximum detected inbreeding coefficients,
respectively.

In order to assess the structure of the genome of the vari-
ous breeds, we used the method of analysing the number and
average length of runs of homozygosity (ROHs), the method
of multidimensional scaling (MDS) based on the identity-
by-state (IBS) matrix, and the method of Fgr analysis of the
genetic divergence of populations.

A method for detecting ROHs was employed using se-
quential SNP detection, through the R package detectRUNS
(Biscarini et al., 2018). To avoid underestimating the quantity
of ROHs exceeding 8 Mb in length, we permitted only one
SNP with an absent genotype and no more than one probable
heterozygous genotype (Ferencakovic¢ etal., 2013). To prevent
common ROHs, the minimum ROH length was set as | Mb.

To minimise the number of false-positive results, the mini-
mum number of SNPs was calculated as follows (Purfield et
al., 2012):

o EmE

log. (1 — het)
Where / is the minimum number of SNPs forming ROHs,
ng is the number of SNPs per individual, »; is the number of
genotyped individuals, a is the false-positive rate of ROHs
(set to 0.05) and 7et is the mean heterozygosity of the total
SNPs within population. Here, a minimum of 23 SNPs was
found.

Initially, the number and length of ROHs were determined
for each individual, and then their mean values within each
breed were computed. Additionally, the ROH-based genomic
inbreeding coefficient (Froy) was calculated as the ratio of the
sum of the length of all ROHs per animal to the total length
of the autosomal genome. Then, the number of ROHs in the
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genome of the breeds under study was determined by length
classes: (1, 2), (2, 4), (4, 8), (8, 16) and >16 Mb. To establish
the genome proportion that is overlapped by various ROH seg-
ments, we added up ROHs for categories that possess diverse
minimum lengths (>1, >2, >4, >§, and >16 Mb).

MDS was conducted in PLINK 1.9 (Anderson et al., 2010),
followed by plotting in the R package ggplot2. The fixation
index Fg was calculated using the EIGENSOFT 6.1.4 (Price
etal., 2006) package with graphical representation performed
in the SplitsTree software (Huson, Bryant, 2006).

We assessed the genetic structure of the analysed breeds
in the Admixture 1.3 (Alexander et al., 2009) software and
visually displayed it using the R package Pophelper (Francis,
2017). The optimal number of clusters (K) was determined
by using the most likely number of ancestral clusters and
calculating cross-validation error (CV error) values in the
Admixture 1.3 software.

The phylogenetic tree of the studied chicken populations
was constructed using the Neighbor-Net (Bryant, Moulton,
2004) method in the iTOL service (Letunic, Bork, 2021) based
on pairwise genetic distances Fgr.

The pairwise genetic distances Fgr were estimated using the
R package StaMPP (Pembleton et al., 2013). The significance
of the obtained results (P) was calculated based on the analysis
of 100 permutations.

Results

Indicators of genetic diversity in the studied breeds are pre-
sented in Table 1.

Table 1. Genetic diversity in the studied breeds
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Pairwise genetic distances Fgr, as shown in Table 2, ranged
from 0.037 (Novopavlov Coloured and Novopavlov White) to
0.220 (between Russian White and Faverolles). The Fg value
for the identified cluster consisting of Ukrainian Muffed and
Orloff was 0.075. A visual representation of the Fgt genetic
distances is given in Figure 2.

Figure 3 shows the results of the MDS analysis visualis-
ing the data. This approach makes it possible to analyse and
visualise the points corresponding to the objects of interest in
a way that minimises the distance between them. The objects
are plotted in the diagram based on the selected principal
component system. The results of MDS indicated that the
Novopavlov White and Novopavlov Coloured populations
formed a distinct cluster, whereas the Ukrainian Muffed and
Orloff chicken breeds formed a separate cluster. There was
no change in clustering when comparing the various com-
ponents.

The CV error calculation in Admixture cluster analysis
indicated that there are likely four clusters (K) in our sample.
The cross-validation error was the lowest in this case (CV er-
ror = 0.54930). According to the admixture analysis (Fig. 4),
the Orloff breed was represented as a separate cluster at K =4.
The Ukrainian Muffed comprises of a genetically and pheno-
typically identical population that demonstrates noteworthy
similarities with the Orloff breed. At K = 5, the populations
of white and coloured individuals in Novopavlov chickens
were separated. At K = 6, a distinct cluster was formed by the
Ukrainian Muffed breed, which contained individuals with
similar genetic structures to the Orloff breed.

Breed n Ho He
RB ..................... 2 0 .................. O 285 io 00 ] ..................... 0 296i0 Oo 1 .....

F ........................ 2 0 .................. 0 321 io 00 6 ..................... 0 338i0 00 1 .....

UU .................... 18 .................. 0 365 io 00 5 ..................... 0 36410 00 1 .....

O ....................... 2 0 .................. 0 355 io 00 6 ..................... O 344i0 OO 1 .....

PB ..................... 2 0 .................. 0 34410 00 3 ..................... 0 33810 OO 1 .....

P ....................... 15 .................. 0 344i0 00 7 ..................... 0 342 io 00 1 .....

............................................................. X e
0.037 £0.003 0.191 -0.096

.................. 0051i00170202_0087

................ _ 0002i00130136_0082

................ _ 0031i00170215_0128

................ _ 0016i00090057_0104

................ _ 0007i00200184_0084

Note. n — number of individuals in the analysis; Hy — observed heterozygosity; Hg — expected heterozygosity; F — inbreeding coefficient; F,,,, - maximum de-
tected inbreeding coefficient; F,,,;, - minimum detected inbreeding coefficient. At o.= 0.05, there is no statistically significant difference.
RB - Russian White, F — Faverolles, UU - Ukrainian Muffed, O - Orloff, PB - Novopavlov (White population), P - Novopavlov (Coloured population).

Table 2. Pairwise genetic distances of F¢; between the studied chicken breeds

Index RB F
F ....................................... 0220 ............................... O ...................................
UU ................................... 0136 ............................... 0133 ............................
o ...................................... 0176 ............................... 0180 ............................
PB .................................... 0198 ............................... 0214 ............................
P ...................................... 0187 ............................... 0206 ............................

uu 0] PB

0

0.075 0

0.137 0.174 0
0.128 0.165 0.037

Note. RB — Russian White, F - Faverolles, UU - Ukrainian Muffed, O - Orloff, PB — Novopavlov (White population), P - Novopavlov (Coloured population). The

statistical significance for all pairs of comparisons is set at p < 0.0001.
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RB

uu

—_—

PB 0.01 F

Fig. 2. Phylogenetic tree of the studied chicken po-
pulations based on pairwise genetic distances Fqr,
constructed with the Neighbor-Net method.

RB - Russian White, F - Faverolles, UU - Ukrainian
Muffed, O - Orloff, PB - Novopavlov (White population),
P - Novopavlov (Coloured population).

Analysis of the distribution of homozy-
gous regions by length showed that the Rus-
sian White breed had the largest number of
short homozygous regions (1-2 Mb), where-
as the Faverolles breed had the smallest num-
ber of short homozygous regions (Fig. 5).
Homozygous regions of class 16+ were more
prevalent in the coloured population of the
Novopavlov breed and the least prevalent in
the Russian White.

Table 3 presents the descriptive statistics
of the homozygous regions. The average
number and mean length of extended ho-
mozygous regions were minimal in the in-
vestigated samples of the Ukrainian Muffed
breed. On the contrary, the Faverolles breed
showed the highest mean length and mean
number of ROHs.

As the “muffs and beard” phenotype is
linked to the HOMS gene situated on chro-
mosome GGA27, we investigated the ho-
mozygous regions in this genetic segment
separately. Figure 6 shows that ROH frag-
ments are infrequent in breeds that exhibit
the “muffs and beard” phenotype within the
3.402-3.404 MbD region on GGA27.

Discussion

Modern methods for studying genomic DNA
polymorphism provide extensive data to
comprehend the population’s entire genome
architecture. Genotyping with chips of dif-
ferent densities allows the phylogenetic di-
vergence of animal breeds to be assessed,
and the information obtained can help to
maintain distinct genetic diversity of popu-

Comparative peculiarities of genomic diversity
in chickens with plumage phenotype “muffs and beard”
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Fig. 3. Multidimensional scaling graph.

RB - Russian White, F - Faverolles, UU - Ukrainian Muffed, O - Orloff, PB - Novopavlov (White popula-
tion), P - Novopavlov (Coloured population).
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Fig. 4. Admixture cluster analysis conducted for six chicken breeds using whole-genome SNP analysis.
RB - Russian White, F — Faverolles, UU - Ukrainian Muffed, O - Orloff, PB - Novopavlov (White population), P - Novopavlov (Coloured population).
Table 3. Descriptive statistics of runs of homozygosity determined based on SNP genotypes in the studied chicken breeds
Population n Length of ROHs, Mb Number of ROHs
X+ SE Min Max X+ SE Min Max
RB 38 177.15+5.29 126.12 234.06 143.71 £ 2.71 115 168
F 20 231.55+11.511 142.65 313.17 155.50 + 6.502 109 206
uu 18 91.29+9.20 48.20 200.17 78.11+£4.50 51 125
O 20 139.55 +10.01 89.60 291.26 105.00 = 4.80 80 177
PB 15 22442 +£12.222 166.15 341.79 153.07 + 4.352 133 192
P 20 184.90 + 4.98 152.03 248.75 136.95 + 2.60 108 153
Note. RB - Russian White, F — Faverolles, UU - Ukrainian Muffed, O - Orloff, PB - Novopavlov (White population), P - Novopavlov (Coloured population).
1.2 Differences are not statistically significant. In other cases, differences are significant at a significance level of o = 0.05.
lations (Dementieva et al., 2021; Krivoruchko et al., 2021). 101 B =1 = B
A comprehensive understanding of the genetic structures’
specificity is crucial for examining genetic diversity, and it~ _ osf . 122
can be applied to explore the historical processes linked to the = " 24
formation and evolution of populations as separate ecosystems & og} = 4-8
. . ©
influenced by human beings. © 8-16
In this research, the application of the Chicken 60K Bead- & (,1 m 16+
Chip led to the identification of 53,313 single nucleotide
polymorphisms. Previous genetic diversity study methods, & o2k
based on the analysis of mini- and microsatellite loci and ’
mitochondrial DNA, have much lower resolution (Fisinin et
al., 2017; Guo H.W. et al., 2017). 0 0 p PB RB WU

The expected (Hg) and observed heterozygosity (Hg) (see
Table 1) derived from the full genomic genotyping data in
our study were higher in chickens that emerged as separate
clusters in the MDS analysis (see Fig. 3). The initial group,
which amalgamated the populations of the Novopavlov breed,
exhibited Hy value of 0.344, while Hg values ranged from
0.338+0.001 t0 0.342+0.001. In the second group, comprised
of the Ukrainian Muffed and Orloff breeds, the values for
Hp were between 0.355+0.006 and 0.365+0.005, and those
for Hg varied between 0.344+0.001 and 0.364+0.001 (see
Table 1). These findings concurred with other researchers’
material (Strillacci et al., 2017; Yuan et al., 2022).

Fig. 5. Distribution of the number of runs of homozygosity (ROHs) in rela-
tion to their average length in the studied groups of chickens.

RB - Russian White, F - Faverolles, UU — Ukrainian Muffed, O - Orloff, PB - No-
vopavlov (White population), P — Novopavlov (Coloured population).

Based on the results of the multidimensional scaling analy-
sis, it can be concluded that the breeds most distantly related to
each other are the Russian White and Faverolles. The greatest
genetic divergence between these breeds lies in their origins.
The Russian White chicken breed was developed using white
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Fig. 6. Location of homozygosity runs on chromosome GGA27 in chickens.
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The highlighted box indicates the region annotated with the Mb allele. RB - Russian White, F - Faverolles, UU - Ukrainian Muffed, O - Orloff, PB - Novopavlov

(White population), P - Novopavlov (Coloured population).

domestic Leghorn chickens as a foundation (Dementeva et
al., 2017). Faverolles were bred in France from indigenous
chicken breeds. Breeds with similar genetics include Orloff
Mille Fleur, Ukrainian Muffed and Faverolles. The White and
Coloured populations of the Novopavlov breed are geneti-
cally related, as evidenced by their similar architecture. The
Ukrainian Muffed breed has similarities to the Orloff Mille
Fleur breed in genome fragments. This introgression of ge-
nomes between the breeds may have occurred during the late
19th and early 20th centuries, when both breeds flourished
and developed in a common area. The utilization of diverse
components during the analysis did not alter the spatial pat-
tern of population arrangement, indicating that this method
accurately reflects the genuine genetic divergence of breeds.
Assessment of genetic diversity provides greater insight
into the genomic structure of chicken breeds and populations
(Malomane et al., 2019; Restoux et al., 2022). Pairwise genetic
distance Fgr visualization demonstrated a genetic correla-
tion among the Orloff Mille Fleur, Ukrainian Muffed, and
Faverolles breeds, as well as within the White and Coloured
populations of the Novopavlov chicken breed (see Fig. 2).
The phylogenetic tree exhibits a conspicuous demarca-
tion of the maximum divergence between the Faverolles and
Russian White chicken breeds. The branch that contains the
Faverolles, Ukrainian Muffed, and Orloff Mille Fleur breeds
reveals their shared ancestry (see Fig. 2). Each mentioned
breed forms its own branches in the future. The Orloff Mille
Fleur chicken breed is dissimilar from the Ukrainian Muffed
type, with contrasting traits and merging represented by the
Faverolles chickens. The White and Coloured populations of
the Novopavlov breed showed little divergence. Our findings
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revealed a high level of genetic differentiation between breeds,
comparable to literature data described previously in studies of
other breeds (Dementieva et al., 2020; Fedorova et al., 2022).

Visualisation of the pairwise genetic distances of the Fqr
using the Neighbourhood Network algorithm, as well as
Admixture cluster analysis, confirmed the results of the multi-
dimensional scaling analysis (see Fig. 4). At K =4, the Orloff
and Ukrainian Muffed populations were distinguished from
the other populations. In addition, the Fgt analysis shows that
the Ukrainian Muffed population under study has individuals
that are genetically similar to the Orloff breed. This may result
from the introgression of genomes between breeds. Unin-
tended crossbreeding between Ukrainian Muffed and Orloff
populations is possible due to the proximity of the breeding
areas of these breeds in the past. At K = 5, the White and
Coloured populations of the Novopavlov chicken breed were
separated. These findings demonstrate that the populations
possess an identical genetic structure, with the Novopavlov
White strain having been acquired by selectively breeding
white individuals from the coloured population.

The high frequency of brief homozygous regions (1-2 Mb)
discovered within the Russian White and Ukrainian Muffed
breeds suggests that long-term inbreeding has occurred (see
Fig. 5). The Russian White chicken breed was obtained
through rigorous selection for chick resistance to cold. As a
result of a single crossing with White Leghorn in 2005, the
Russian White population has no tendency to increase homo-
zygosity, indicating high genetic diversity in the population.
Long regions of homozygosity of class 16+ were greater in
the Novopavlov chickens (White and Coloured populations),
Orloff Mille Fleur, and Ukrainian Muffed breeds, indicating
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the presence of recent inbreeding. The Russian White breed
has the lowest number of long homozygous regions, an indica-
tion that there is no inbreeding within the population due to
individual fixation of the producer during breeding (Fedorova
etal., 2022; Mulim et al., 2022).

Location analysis of homozygous regions in the region an-
notated for the HOXBS gene responsible for the “muffs and
beard” phenotype showed the absence of homozygous regions
in breeds with this phenotype. This may be attributed to the
region’s high variability. Guo’s study (Guo Y. et al., 2016)
showed that the presence of the Mb allele causes the HOXS
gene to be ectopically expressed. As a result of the duplication
of three regions on chromosome 27, a structural mutation takes
place, which does not contribute to the selective accumulation
of homozygous regions. ROH regions were discovered on
chromosome GGA27, in the range of 1.5-1.6 Mb, occurring
in more than 60 % of representatives of all breeds studied,
except the Russian White, which lacks muffs and beard (see
Fig. 6). Perhaps the buildup of homozygosity in these regions
may not be a universal trait for all individuals in the inves-
tigated breeds. Consequently, it is plausible to assume that
this genome region could serve as a marker for the “muffs
and beard” characteristic with a certain degree of probability.

Conclusion

Based on the conducted study, we can state that full genomic
genotyping using the Chicken 60K BeadChip (Illumina Inc.,
USA) medium-density DNA chips is an accurate method
for analysing genetic divergence of chicken populations of
different historical origins. Similar results can be achieved
through a variety of statistical approaches to interpreting data.
These results can be explained by considering the historical
development of the breed ecosystem as well as the specific
method used to detect polymorphism. The gathered data helps
us comprehend the particularities of genomic architecture of
the studied chicken breeds and populations, and to use this
information to control variability in order to preserve genetic
diversity. The findings obtained can be used in further research
to identify candidate genes for the “muffs and beard” pheno-
type in chickens, as well as to use gene pool populations as
model objects with a high level of genetic diversity.
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Association of three single nucleotide polymorphisms
in the LPIN1 gene with milk production traits
in cows of the Yaroslavl breed
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Abstract. Lipin-1 is a member of the evolutionarily conserved family of proteins and is expressed predominantly in adipose
tissue and skeletal muscle. On the one hand, lipin-1 is an enzyme that catalyzes the dephosphorylation of phosphatidic
acid to diacylglycerol (DAG) and thus participates in the metabolic pathways of biosynthesis of storage lipids in the cell,
membrane phospholipids, and intracellular signaling molecules. On the other hand, lipin-1 is able to be transported from
the cytoplasm to the nucleus and is a coactivator of lipid metabolism gene transcription. It was shown, using the analysis
of single nucleotide polymorphism (SNP) associations, that the lipin-1 coding gene (LPINT) is a promising candidate gene
for milk production traits in Holstein and Brown Swiss cows. However, it is unclear how much of its effect depends on the
breed. The Yaroslavl dairy cattle breed was created in the 18-19 centuries in Russia by breeding northern Great Russian
cattle, which were short and poor productive, but well adapted to local climatic conditions and bad food base. It was shown
by whole genome genotyping and sequencing that the Yaroslavl breed has unique genetics compared to Russian and
other cattle breeds. The aim of the study was to assess the frequency of alleles and genotypes of three SNPs in the LPINT
gene and to study the association of these SNPs with milk production traits in Yaroslavl cows. Blood samples from 142 cows
of the Yaroslavl breed were obtained from two farms in the Yaroslavl region. Genotyping of SNPs was carried out by poly-
merase chain reaction-restriction fragment length polymorphism method. Associations of SNPs with 305-day milk yield, fat
yield, fat percentages, protein yield, and protein percentages were studied from the first to the fourth lactation. Statistical
tests were carried out using a mixed linear model, taking into account the relationship between individuals. We identified
three SNPs —rs110871255, rs207681322 and rs109039955 with a frequency of a rare allele of 0.042-0.261 in Yaroslavl cows.
SNP rs110871255 was associated with fat yield during the third and fourth lactations. SNP rs207681322 was associated
with milk yield for the second, third and fourth lactations, as well as protein yield for the third lactation. Thus, we identified
significant associations of SNPs rs207681322 and rs110871255 in the LPINT gene with a number of milk production traits
during several lactations in Yaroslavl cows.

Key words: cow; Yaroslavl breed; milk yield; fat percentage; protein percentage; fat yield; protein yield; LPINT gene; single
nucleotide polymorphism; association.
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Horo meTabonu3ama. C NCNonb3oBaHVEM aHann3a accoumaunii ORHOHYKIeoTUAHbIX nonumopdmnmos (OHIM) 6bino noka-
3aHo, yTo reH nunuHa-1 (LPINT) aBnAeTcA nepcneKTUBHbIM reHOM-KaHANAATOM MPU3HAKOB MOJSIOYHOW NPOAYKTUBHOCTMN Y
KOPOB FOMILUTUHCKOM 1 B6ypoit WBuULKoi nopod. OfHako HesICHO, HaCKoNbKo ero addeKT 3aBncuT ot nopoabl. Apocnas-
cKas MOMIOYHaA MOpPOAa KPYMHOro poratoro ckoTa 6bina BbisegeHa B XVIII-XIX BB. B Poccun nyTem pa3BeaeHus «B cebe»
CEeBEPHOro BENTMKOPYCCKOTO CKOTa, KOTOPbIN OblS1 HU3KOPOCSBIM U ManonpoayKTUBHbLIM, HO XOPOLIO afanTUPOBaHHbIM K
MECTHbIM KJIMMATUUYECKMM YCSTIOBUAM 1 CKYL[HOW KopMoBoii 6a3e. C NOMOLLbIO MOTHOFEHOMHOTO FeHOTUMNPOBAHNA 1 CeK-
BEHMPOBaHUA GbINIO MOKa3aHo, YTO APOCIaBCKasa Nopoaa obnafaeT yHMKanbHOM reHeTNKOW Mo CPaBHEHMIO C POCCUNCKUMM
1 3apy6exHbIMY NMOpoLaMU KPYMNHOro poratoro ckota. Llenbio paboTbl 6bina oLeHKa YacToTbl annienei 1 reHoTUNoB Tpex
OHIM B reHe LPINT n nccnepgosaHme accoumaumm 3tnx OHIM ¢ nokasaTtenaMmm MOIOYHON NPOAYKTUBHOCTA Yy KOPOB APOCIaB-
cKkoi nopogbl. O6pasLbl KPoBU OT 142 KOPOB APOCABCKOW NOpoAbl Obifv MONyYeHbl U3 ABYX X03AKCTB ApocnaBcKon 06-
nactu. leHoTunuposaHue OHIT BbINOAHANM MeTOAOM aHanM3a nonmmopdusma AnnH PecTPUKLMOHHbIX GparmeHToB nocne
npoBefeHnA nonnumepasHon LenHon peakuynn. Accoumauum OHIM ¢ ynoem, BbIXOAOM MOMTOYHOTO XUpa 1 6enka, a Takxe ¢
NPOLEHTHbIM COAEPXKaHVeM Xupa 1 6enka B Mosnoke 3a 305 gHell nakTauuy 6blIn CCeAOBaHbI C NMEePBOIA MO YETBEPTYIO
nakTauuio. [ina cTaTUCTMYeCKOro aHanmsa 1Ccrnonb3oBany CMELLAaHHYI0 IMHENHYIO MOfAENb C YY4eTOM POACTBA MeXAy UHAN-
Buaamu. Mpu nccnefoBaHUM KOPOB APOCIaBcKon nopoabl Bbiasunm Tpu OHI: rs110871255, rs207681322 1 rs109039955
c yactoTol peakoro annens 0.042-0.261. OHM rs110871255 6bin accoumMmMpoBaH C BbIXOAOM XKMpa 3a TPETbIO U YeTBEPTYIO
nakTauuu, rs207681322 6bin1 accoLMMpPOBaH C yA0EM 3a BTOPYIO, TPETbIO 1 YETBEPTYIO NIaKTaLMK, a TakxKe C BbIxofoMm benka
3a TPeTblo NakTaumio. Takum o6pa3om, Mbl BbiSBUNN JocToBepHble accoumnaumm OHMM rs207681322 n rs110871255 B reHe
LPINT c pagom nokasartenein MOJIOYHOWN NPOAYKTUBHOCTY B XOAie HECKOJIbKMX NTaKTaLMi y KOPOB APOCIaBCKOWN MOPOADI.

KnioueBble cioBa: KOPOBa; APOCNaBCKas NOPOAA; YAOW; MPOLEHT XMpa; MPOLEHT 6efKa; BbIXOA »KUpa; BbIXxoa 6enka; reH

LPIN1; oBHOHYKNEOTUAHbIN nonMmopdunsm; accoumaums.

Introduction

The most important economic trait in dairy farming is cow
milk productivity which includes milk, fat and protein yields,
and fat and protein percentage (Gutierrez-Reinoso et al.,
2021). All of these characteristics are complex quantitative
traits controlled by a large number of genes having little impact
on phenotype (Weller et al., 2017; Silpa et al., 2021; Bekele
et al., 2023; Singh et al., 2023). Recently, such methods as
quantitative trait loci (QTL) mapping, genome-wide associa-
tion studies (GWAS) (Bekele et al., 2023; Chen S.Y. et al.,
2023; Teng et al., 2023), targeted RNA sequencing (RNA-seq)
(Fang et al., 2020; Ahmad et al., 2021) and detecting signatures
of selection in genomes (Rajawat et al., 2022; Nayak et al.,
2023; Persichilli et al., 2023) have been widely applied to
identify the genes and mutations directly affecting milk yield
and milk composition (Khatkar et al., 2004; Weller, Ron,
2011; Lopdell, 2023).

Previously, when analyzing the whole-genome genotyp-
ing (WGG) data, we identified selection signatures on chro-
mosome 11 in a group of European dairy and dual-purpose
(Bestuzhev, Holstein, Kholmogory, Black Pied, and Yaro-
slavl) cattle breeds, and the top SNP was localized in the
lipin-1 (LPINT) gene (Yurchenko et al., 2018a). Other authors
also found selection signatures in this gene when analyzing the
WGG data of the Yaroslavl and Holstein breeds (Zinovieva et
al., 2020). However, our study did not detect any selection sig-
natures in the LPINI gene region when analyzing the whole-
genome sequencing data of the Yaroslavl breed (Ruvinskiy
et al., 2022), which may be due to both a high significance
threshold (q = 0.01) and a different set of breeds (Holstein,
Kholmogory, Yakut) used for comparison.

Lipin-1 is a member of an evolutionarily conserved family
that is represented by three proteins (lipins 1, 2, and 3) in most
vertebrates (Csaki et al., 2013; Siniossoglou, 2013; Chen Y. et
al., 2015; Saydakova et al., 2021). Lipin-1 is expressed pre-
dominantly in adipose tissues, skeletal muscles and, to a lesser
extent, in the liver, brain and other tissues (Reue, Zhang,

2008). In one respect, it is a phosphohydrolase enzyme that
dephosphorylates phosphatidic acid to diacylglycerol (DAG)
and thus participates in the metabolic pathways for biosyn-
thesis of cellular-storage lipids, membrane phospholipids,
and intracellular signalling molecules. At the same time,
lipin-1 is transported from the cytoplasm to the nucleus to
coactivate lipid metabolism gene transcription. Although this
protein lacks a DNA-binding domain, it has been shown to
regulate transcription by interacting with other transcription
factors (TF), e.g., it regulates adipocyte differentiation and
functioning by interacting with the PPARgamma transcrip-
tion factor (Kim et al., 2013), and fatty acid oxidation gene
expression by interacting with the PPARalpha TF (Barroso et
al.,2011). Also, lipin-1 binds to the mTORC1 protein complex
and thus regulates the activity of the SREBP TF that, in turn,
regulates multiple pathways for fatty acid, triglyceride and
cholesterol biosynthesis (Peterson et al., 2011).

According to the NCBI Gene database, in cattle, the LPIN1
gene spans about 136 Kb on chromosome 11, consists of
25 exons, and encodes eight transcripts translated into proteins
ranging in size from 895 to 1,010 amino acids (https://www.
ncbi.nlm.nih.gov/gene/537224). LPIN1 mRNA expression in
cow liver and mammary gland increases significantly at the
peak of lactation compared to the beginning of lactation and
dry periods (Bionaz, Loor, 2008; Li et al., 2020). Keeping
lactating Holstein cows on a diet supplemented with fish and
soybean oils to reduce milk fat yield caused an increase in
LPINT mRNA expression in their subcutaneous adipose tissue
(Thering et al., 2009). In vitro treatment of bovine mammary
gland cells with rosiglitazone (BRL49653), a PPARgamma-
selective agonist, resulted in activation of LPIN1 mRNA ex-
pression (Kadegowda et al., 2009).

The rs137457402 and rs136905033 SNPs in this gene were
associated with the content of five fatty acids in the milk of
Brown Swiss cows (Pegolo et al., 2016). The rs137457402
SNP was also associated with the percentage of protein con-
tent in the milk of the same cows (Cecchinato et al., 2014).
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Yaroslavl cattle.

Han B. et al. (2019) showed the relationship of seven SNPs
with milk yield, fat or protein percentage, and fat or protein
yield in Chinese Holsteins, yet most of these associations
were revealed only for the first or second lactations. Two
nonsynonymous SNPs in the sixth exon of the LPINI gene
were associated with fat and protein percentages in the milk of
Holstein-FriesianxJersey crossbred cows from New Zealand
(Du et al., 2021). All of the above indicates that LPIN/ has
been a promising candidate gene for milk productivity traits,
but it is unclear to what extent its effect is breed-specific.

The Yaroslavl dairy breed was created in the 18—19th centu-
ries in Russia in Yaroslavl Province (Dmitriev, 1978; Dmitriev,
Ernst, 1989; Dunin, Dankvert, 2013; Stolpovsky et al., 2022).
The animals are mostly black, with the head, belly, lower
limbs and tip of the tail being white. They have characteristic
black glasses-like markings around the eyes (see the Figure).
The breed was created based on inter-se mating of Northern
Great Russian cattle which was stunted and unproductive but
well adapted to local climatic conditions and poor forage.
The initial selection was based on the exterior and then on
milk yield and fat percentage. In the 19-20th centuries, the
Yaroslavl breed was crossbred with the Tyrolean, Angeln, Sim-
mental, Algauz, Jersey, Dutch and Kholmogory cattle. In the
USSR, crossbreeding with the Ostfriesian and Holstein bulls
was also carried out. However, these crosses are believed to
have had a small impact, as the Yaroslavl cattle have retained
their specific exterior (Dmitriev, 1978; Dmitriev, Ernst, 1989;
Stolpovsky et al., 2022).

In 2022, the total breed population was about 30,000 ani-
mals that are characterized by high milk yield (6,590 kg for
305 lactation days) and fat percentage (4.13 %) (Shichkin et
al., 2023). WGG (Iso-Touru et al., 2016) and microsatellite

analysis (Abdelmanova et al., 2020) have demonstrated that
the Yaroslavl breed has unique genetic parameters compared
to Russian and foreign livestock, and foreign breeds have
had a minor impact on the Yaroslavl cattle’s gene pool (Ser-
myagin etal., 2018; Yurchenko et al., 2018b; Zinovieva et al.,
2020).

The purpose of the present study was to estimate the allele
and genotype frequencies of three SNPs in the LPIN/ gene and
to study the association of these SNPs with milk productivity
traits in Yaroslavl cows.

Materials and methods
As amaterial for the study, blood samples from 142 Yaroslavl
cows from two farms of the Yaroslavl Region were used. The
phenotypic data extracted from breeding record cards were
provided by the Selex Information and Analytical System.
DNA extraction was performed using the standard phenol-
chloroform extraction method with preliminary proteolytic
treatment (Sambrook, Russell, 2006). Genotyping of the
rs110871255, rs109039955, and rs207681322 SNPs in the
LPINI gene was carried out by restriction fragment length
polymorphism (RFLP) analysis after polymerase chain reac-
tion (PCR). Primers were designed using the Vector NTI soft-
ware package (Lu, Moriyama, 2004). The specificity of each
primer pair was evaluated in silico using the primer-BLAST
algorithm (Ye et al., 2012). The primers, PCR reaction con-
ditions and restriction enzymes are given in Supplementary
Material 1'. The test for deviation from Hardy—Weinberg equi-
librium and linkage disequilibrium between the studied SNPs
(LD) were calculated in PLINK v1.9 (--1d option) (Purcell et

T Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_lgoshin_Engl_28_1.pdf
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al., 2007). For this purpose, the genotypic data were converted
to the PED format recognized by the program.

The studied associations included those related to such
traits as milk, milk fat and protein yields as well as milk fat
and protein percentages for 305 lactation days. Data from four
lactations were included in the analysis. If a cow’s lactation
period was less than 305 days, its milk, fat and protein yields
for this period were standardized to 305 days by the formula
(Wiggans, Van Vleck, 1979):

o5y (05,

Here, ?305 is the expected productivity for 305 days; n is
the actual lactation duration in days; Y, is the productivity
for the actual lactation period; F, is Shook’s factor for the
n-th day to account for the decrease in productivity during
lactation (Hillers, Williams, 1981). This factor is calculated
based on the productivity data for the animals with lactation
duration > 305 days as

E,=RY/[LP x (305—n)],

where RY is the difference between the 305-day productivity
and that for n days; and LP is the productivity at the n-th day.
The daily data required to calculate the corresponding values
were derived from cumulative productivity curves (Supple-
mentary Material 2). The protein and fat percentages for in-
complete lactations were calculated from the data standardized
to 305 days.

Statistical analysis was performed using the mixed linear
model implemented in the “lme4qtl” R package (“relmatLmer”
function) (Ziyatdinov et al., 2018). This model allows one to
account for genetic relationships between individuals by mo-
delling polygenic effects based on a kinship matrix. The matrix
was calculated using the “kinship2” R package (“kinship”
function) (Sinnwell et al., 2014), based on the animal pedigree
data from their breeding record cards. Genotypes were coded
as 0, 1, and 2 implying the additive contribution of SNP alleles
to a trait. The cows’ birth and calving (one preceding the lacta-
tion period) seasons were used as additional predictors. Since
the error in calculating the expected milk yield for 305 days
was probably higher for shorter lactations, the analysis was
performed using the “weights” option of the “relmatLmer”

Table 1. Characteristics of the genotyped SNPs

Association of SNPs in the LPINT gene
with milk production traits in Yaroslavl breed

function. For lactation periods of 305 days or more, a weight
of 305 was taken, and for shorter durations, one equal to the
actual number of lactation days. The Benjamini-Hochberg
method (Benjamini, Hochberg, 1995) implemented in the
“qvalue” R package (the “qvalue” function with “lambda=0"
parameter) was applied to correct for multiple comparisons
(Storey et al., 2023).

Results

Target fragments were successfully amplified for 136
(rs109039955), 130 (rs207681322) and 109 (rs110871255) ani-
mals. All three studied SNPs were found to be polymorphic
in the studied sample (Table 1). The genotype distributions
ofrs207681322 and rs110871255 deviated significantly from
Hardy—Weinberg equilibrium (p =0.0141 and p = 0.0039, re-
spectively), and that of rs109039955 did not. The LD between
the studied SNPs was 72 =0.098, D’ = 0.853 for rs109039955
and rs207681322; 2= 0.003, D’ = 0.061 for rs109039955
and rs110871255; 72 = 0.001, D’ = 0.088 for rs207681322
and rs110871255.

Statistical tests revealed a total of six associations of two
SNPs with three milk production traits from the 2nd to 4th lac-
tations (Table 2). No associations of all three SNPs were de-
tected for the first lactation. For the second lactation, one SNP
(rs207681322) was associated with milk yield (q=0.043). For
the third lactation period, one SNP (rs110871255) was asso-
ciated with fat yield (q = 0.0135) and another (rs207681322)
with milk (q = 2.54E-04) and protein (q = 0.021) yields. For
the fourth period, one SNP (rs110871255) was associated
with fat yield (q = 0.0348) and another (rs207681322) with
milk yield (g = 0.021).

Therefore, rs110871255 was associated with fat yield during
the third and fourth lactations, and rs207681322 with milk
yield in the second, third and fourth lactations as well as with
protein yield in the third lactation.

Discussion

In the studied Yaroslavl cows, three SNPs (rs110871255,
rs207681322 and rs10903995) with a rare allele frequency
of 0.042-0.261 were identified. For the rs207681322 and
rs110871255 loci, genotype distributions differed significantly

SNP # Position (ARS-UCD1.2) Localization
rs110871255 chr11:86127780 Exon 5
(p.Met101Thr)

rs207681322 chr11:86116295 Exon 9
(p.Pro395Ser)

rs109039955 chr11:86082101 3-UTR

120

Genotype  Genotype frequency Allele Allele frequency
....... GGO72560826
GA ................. 0202 ............................... A ..................... 0174 .....................
AA ................. 0073 ....................................................................................
....... 6609315,0958
GA ................. 0054 ............................... A ..................... 0042 .....................
AA ................. 0015 ....................................................................................
....... 660537G0739
GA ................. 0404 ............................... A ..................... 0261 .....................
AA ................. 0059 ....................................................................................
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Table 2. Associations of the studied SNPs with milk productivity traits from 1st to 4th lactations
and their corresponding phenotypic values (mean + standard deviation) for different genotypes

SNP# Lactation Genotype Milk yield, kg Fat yield, kg Protein yield, kg Fat % Protein %
............................................... e
rs110871255 1 GG (78) 4698 + 838 218.7 £45.5 148.5 £ 26.5 4.66 = 0.56 3.17£0.20

rs109039955 1 GG (73) 4732 + 841 218.5+48.1 149.9 +25.1 461 +0.51 3.18+0.20

Note. The statistically significant associations (q < 0.05) are indicated in bold.
* Only animals having respective phenotypic data were accounted for. The markedly lower number of animals genotyped for rs110871255 was due to the limited
amount of DNA available for analysis.
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from those expected by Hardy—Weinberg equilibrium due to an
excess of rare homozygotes, which may be due to inbreeding,
gene drift, or selection in farm animal populations (Hedrick,
2005). Such deviations are often observed in studies of mi-
crosatellite DNA markers or SNPs in different cattle breeds
(Melka, Schenkel, 2012; Madilindi et al., 2020; Ocampo et al.,
2021). It is noteworthy that tests for Hardy—Weinberg equilib-
rium deviation are used to verify random mating in popula-
tions, while tests for deviations from expected homozygote
frequency are performed to estimate inbreeding coefficients
(Haldane, 1984; Robertson, Hill, 1984). The LD between the
studied SNPs in Yaroslavl cows differs significantly from that
described previously for the same SNPs in Chinese Holstein
cows (Han B. et al., 2019), but these patterns are known to vary
significantly between cattle breeds (Porto-Neto et al., 2014).

For two SNPs, we found significant associations with such
traits as milk, fat and protein yields across multiple lactations,
e.g., allele A of rs207681322 had a positive effect on the cows’
milk and protein yields. Previously, these associations were
found in the first or second lactation in Chinese Holsteins
(Han B. etal., 2019). In our study, the A allele of rs110871255
positively affected fat yield. However, in Holstein cows, the
same allele was associated with increased fat percentage
during the second lactation period (Han B. et al., 2019).

Unlike Han B. et al. (2019), the associations we found were
in subsequent lactations rather than in the first one, which may
be due to both genetic (different breeds) and environmental
(different breeding conditions) factors. It should be empha-
sized that there is still no consensus on the effect hereditary
factors have on milk productivity during lactation. While some
authors believe that the heritability of these traits in the Hol-
stein breed for the first lactation is higher than for subsequent
ones (Dimov et al., 1995; Yamazaki et al., 2016; Lee et al.,
2020), the latest large-scale study of nearly 3.5 million records
from over 1 million Holstein cows found increased heritabi-
lity of milk, fat and protein yields specifically in lactations 3
and 4 compared to lactations 1 and 2 (Williams et al., 2022),
which agrees well with our results. Milk yield heritability for
individual test days has been significantly higher during the
third lactation compared to the first lactation in holsteinized
native cattle from Thailand (Buaban et al., 2020) and Sahiwal
cows from Kenya (Ilatsia et al., 2007).

The associations we found correspond well with the data
of other authors on the effect LPIN1 has on lactation, lipid
biosynthesis and general metabolic levels. The gene’s mRNA
expression has significantly increased during lactation in the
mammary gland of humans (Mohammad, Haymond, 2013),
pigs (Lvetal., 2015) and mice (Han L.Q. etal., 2010). SNP in
the LPIN1 gene is associated with the percentage of visceral
and intramuscular fat in pigs (He et al., 2009). The gene’s mu-
tation leading to the expression of a truncated protein causes
lipodystrophy in rats (Mul et al., 2011). The FLD mice with
mutated LPIN1 have a phenotype similar to that of hereditary
lipodystrophy in humans characterized by subcutaneous fat
loss, hepatic steatosis, insulin resistance, etc. (Péterfy et al.,
2001). Conversely, LPIN1 overexpression in adipose tissues
or skeletal muscles causes obesity in transgenic mice (Phan,
Reue, 2005). Moreover, while LPIN1 expression in adipose
tissue stimulates adipocytes to accumulate fat, in muscle tis-
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sue its expression affects the whole body’s energy expenditure
(temperature; food and oxygen consumption). Suppression of
LPINI1 expression in muscle cells in vitro has led to insulin
resistance (Huang et al., 2017). At the same time, a negative
correlation was observed between LPIN1 mRNA levels in
adipose tissue and blood glucose/insulin concentrations in
humans and mice (Suviolahti et al., 2006). The same authors
found the SNPs in the LPINI gene are associated with blood
insulin levels in dyslipidemia families (Suviolahti et al., 2006).
In their opinion, LPIN1 plays an essential role in glucose
homeostasis and its genetic variants affect metabolism traits.
Indeed, genetic variations of the gene are associated with the
development of some metabolic syndromes in humans (Brahe
etal., 2013; Zhang et al., 2013).

Conclusion

Our study has found the rs207681322 and rs110871255 SNPs
in the LPINI gene have statistically significant associations
with some milk productivity traits during several lactations in
the Yaroslavl cows to be previously found by other authors in
the Holstein breed. The results obtained can be used in marker-
assisted and genomic selection for dairy cattle breeding.
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